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Chapter 1 

General Introduction 

1.1 Introduction to Lanthanides 

The elements in which the atomic number starting from 57 i.e. lanthanum upto 

the element with atomic number 71 (Lutetium) are collectively known as lanthanides.  

These elements are also called f-block elements due to their gradual filling of electrons 

in the antepenultimate shell of f-orbital except lanthanum. The lanthanide series 

elements have almost similar physical and chemical properties. Lanthanide ions are 

showing +3 oxidation states, and their stability is explained by analysis of ionization 

energies. The ionization energies of lanthanides are given in figure 1.1. Even if +3 

oxidation state of lanthanides ions are stable, +2 oxidation state of Samarium, Europium 

and ytterbium are also relatively stable due to their high value of the third ionization 

energy compared to the rest of the lanthanides. Cerium has the lowest ionization energy 

compared to the rest of the lanthanide and it also can adopt +4 oxidation state.  These 

can be explained by using their electronic structure. Lanthanides generally show 

[Xe]4f
n
5d

0-1
6s

2 
(n=1-14) electronic configuration but Ce, Gd, Lu show [Xe]4f

n
5d

1
6s

2
 to 

keep the electron count favorable in f-orbital. The electrons in d and s orbitals ionize 

first as they are farther from the nucleus than 4f orbital. Certain lanthanides favor to 

show +2 and +4 oxidation states due to the relative stability of empty and half-filled 

orbitals, Ce, while removing the 4 electrons, the electronic configuration becomes the 

electronic configuration of Xenon which is very stable. Eu
2+

, removing the third electron 

disturb its half-filled orbital, and hence it is very difficult to remove electrons. The same 

thing happened in case of Yb
2+

, removing the third electron results in the distortion of 

fully filled f orbital which is energetically unfavorable [Aspinall, (2001); King, (2008)]. 

The 4f orbitals of lanthanides are being shielded by 5s and 5p orbitals. This makes them 

very interesting to study the chemical and spectroscopic properties of their ions. 
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Figure 1.1 The ionization energies of different lanthanides. 

 

The 6s and 5d orbitals are more attracted towards the nucleus as the atomic 

number increases due to less shielding of 4f orbitals resulting in higher charge density 

and lower ionic radius. The ionic radii of lanthanide elements decrease from left to right 

along the period. Consequently, the size are smaller than expected ionic radii. This 

decreased in ionic radii of lanthanide series elements are known as lanthanide 

contraction [Cotton, (2006)]. Lanthanide contraction happens due to less shielding of the 

nuclear charge by 4f electrons as moving from left to right and the electrons in the 6s 

orbitals are attracted towards the nucleus making the size smaller. Lanthanide ions are 

hard lewis acid, hence they prefer to make bonds with the atoms having an electron-

donating property like O, N, etc. Lanthanides naturally form ionic complexes. They have 

a good tendency to form oxide. So, they prefer to bond with water than other ligands. 

The oxides are readily formed by thermal decomposition of co-ordination compound, 
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and further carbonates and hydroxides can be formed by reacting with carbondioxide 

and water, respectively [Rizkalla and Choppin, (1994)].  

 

As lanthanide ions have ionic character, they exhibited weak stereo chemical 

preferences and labile co-ordination sphere enabling them to show variable co-

ordination numbers and geometries. In solid form, lanthanide ions normally show co-

ordination geometries like dodecahedral, anti-prismatic, bicapped dodecahedral, 

tricapped trigonal prismatic etc., but in the case of solution, it is very difficult to predict 

the co-ordination geometries of these lanthanide ions [Bünzli and Tang, (1995)].  

 

1.2 Lanthanide Spectroscopy 

Becquerel found sharp peaks for the first time while performing lanthanide ions 

absorption measurements in 1906 [Becquerel, (1906)]. Later on, Bethe, Kramers and 

Becquerel proposed that the sharp peaks may be due to f-f transition [Bethe, (1930); 

Kramers, (1930); Becquerel, (1929)]. As the 4f orbitals are well shielded by 5s and 5p 

orbitals, the f orbitals electron do not take part in chemical bonding, which results in the 

lanthanide ion to exhibit sharp peaks. Every lanthanide ion exhibited its characteristic 

absorption and emission spectra and they enable to emit in near UV, visible, NIR 

regions of the electromagnetic spectrum. Laporte selection rule says that the state of 

opposite parity is responsible for the generation of spectra associated with electric dipole 

transition. In case of non-centrosymmetric system, the electric dipole transitions must be 

induced by the mixture of opposite parity configurations and charge-transfer states 

[Vleck, (1937)]. Magnetic dipole transitions are allowed in the case of lanthanide ions, 

and their intensities do not depend on the surrounding environment. Ligand fields are 

responsible for the production of electric dipole transition in lanthanide ions and the 

strength of these transitions are strongly sensitive towards the surrounding environment. 

Hence, the intensities of their spectra highly depend on the ligand characteristics. The 

selection rules for f-f transitions of lanthanides are given below: 
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Table 1.1: Selection rules for lanthanide ions transitions. (S=total spin angular 

momentum; L=total atomic orbital angular momentum and J=total angular momentum) 

Electric dipole transitions Magnetic dipole transitions 

∆S = 0 ∆S = 0 

∆L ≤ 6 ∆L = 0 

∆J ≤ 6; ∆J = 2,4,6 ∆J = 0,   ; 0↔0 = forbidden 

 

The transitions (electric and magnetic dipole transitions) of lanthanide ions are very 

weak as they are forbidden transitions that are distinguished by narrow and sharp 

emission peaks with a long lifetime (milliseconds). Due to forbidden transitions of 

lanthanide ions, the direct excitation of the electron is very difficult, but this difficulty 

can be overcome using organic chromophores having a large absorption cross-section 

[Malba, (2013)]. The charge transfer process from organic chromophores to lanthanide 

ions can be understood using the Antenna effect. Lanthanide ions also form complexes 

with organic ligands like pyridines, calixarenes, polyaminopolycarboxylic acid etc. 

Ligands with appropriate photophysical properties can be used to design lanthanide ions 

to get highly luminescent lanthanide complexes. Some of the lanthanide ions which emit 

light in the visible regions are Eu
3+

, Tb
3+

, Sm
3+

, Tm
3+

 etc. [Malba, (2013)]. 

 

1.3 Applications of Lanthanides 

 Lanthanide ions are very important in this modern era as they are having number 

of applications. These applications include catalysis, batteries, permanent magnets, 

optics etc.  [Cotton, (1991); Digonet, (1993)]. Moreover, their luminescence property is 

responsible for making them applicable in the field of magnetic resonance imaging 

(MRI), metallurgy, medical diagnostics, nuclear magnetic resonance (NMR), imaging, 

sensors, high-temperature superconductors, magnetoptical discs, rechargeable Nickel-

metal batteries etc. [Bunzli, (2006)]. Lanthanide ions are used as one of the important 

material in making positive pole of batteries which is almost 26% by weight of the total 
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weight [Xia et al., (2018)]. In terms of consumable products, they are also used in TVs, 

computer hard drives, plasma, LCD screens etc. Lanthanides are used in motors and 

making generators of hybrid cars. They are also used in fuel injectors, airbags, seat belt 

sensors etc. [Binnemans et al., (2013); Curtis, (2010); Tanaka et al., (2013)]. 

Lanthanides are used in large quantities (2 tons) in constructing wind turbines which are 

almost 70% more efficient than the standard one; they are used as a catalyst that 

increases not only gasoline production by 5% but also the capacity of refinery equipment 

by 30% [Kołodyńska and Hubicki (2012)]. The optical property of lanthanide plays a 

big role when techniques are established to separate the lanthanide ions into their purest 

forms. Their optical applications have been increasing over the last few years. For 

example, Eu
3+ 

is used to make cathode ray tubes required for computer and laser 

amplifiers, Er
3+

 is used to enhance the optical signals. Those lanthanide ions which are 

emitted in the NIR region of the spectrum are beneficial in laser designing and 

communication devices [Stouwdam et al., (2003)]. In the last few years, lanthanides 

doped inorganic phosphors are becoming very interesting due to their applications in 

fluorescent lamps, plasma display panels, solid-state lasers, watches, luminescence 

markers etc. [Wang and Gao (2006); Neeraj et. al. (2004); Riwotzki et. al. (2000); 

Nazarov et. al. (2004); Singh et. al. (2010)].     

 

1.4 Luminescence 

The German physicist namely Wiedemann used the word Lumin which is a Latin 

word and also the origin of the word Luminescence in 1888. In Latin, the term Lumin 

means light [Bernard and Mario, (2011)]. The phenomenon involving absorption and 

emission of light from excited atoms or molecules, not from black body radiation is 

termed as Luminescence and the materials which cause luminescence are referred to as 

phosphors. Phosphors emit light after they have been exposed to light. The term 

phosphor was coined by an Italian alchemist named Vincentinus Casciarolo in the 17
th

 

century. He found a stone and heated it with the intention to convert it into noble gas. 

Instead of converting it into a gas, he discovered a material that emits light in the dark 

https://www.sciencedirect.com/science/article/pii/B9780444595362000027?via%3Dihub#!
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after exposure to sunlight [Murthy and Virk, (2014)]. There are two types of phosphors 

namely inorganic and organic phosphors. Generally, organic phosphors don’t have 

specific emission centres. Inorganic solid phosphors consist of host lattice and generally, 

they are insulators or semiconductors. The emission centres in inorganic phosphors take 

place according to the doping impurity ion [Singh, (2018)]. These impurity ions are also 

known as activator ions. These activator ions may be transition metal ions, lanthanide 

ions or any other impurity ions.  

 

    In the process of luminescence, an energy source is responsible for pumping 

up an electron from its ground state to an excited state after absorbing its required 

energy. Then, the excited electron returns to its initial ground state by emitting energy 

radiatively in the form of light, generally in the visible region. According to this 

mechanism, it can be assumed that every ion or material can show luminescence. 

However, this assumption is not correct because there are lots of non-radiative 

transitions. Hence, two types of radiations are observed when an electron returns from 

its excited state to its ground state. Generally, non-radiative transitions occur due to 

multiphonon relaxation. In this process, energy transfer occurs between similar ions and 

different ions or releases heat to the lattice. Schematic representation of excitation and 

emissions (radiatively and non-radiatively) of an atom R is showing below in the 

diagram.   
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R and R* represent excitation and ground states of R 

respectively 

R* 

R 

 

Figure 1.2: Scheme showing excitation, radiative and non-radiative emissions of 

R. 

 

 In inorganic phosphors, the energy required for the material to excite is absorbed 

by the host lattice or by the doped impurity ions intentionally. In most cases, emission 

takes place due to impurity ions that generate desired emission. These impurity ions are 

also known as activators. When the activator ions show a very weak absorption, a 

second impurity (sensitizer) can be used to increase the luminescence efficiency. In this 

case, the sensitizer is responsible for the absorption of the required energy. 

Subsequently, that energy is further transferred to the activator, which results in 

radiative emission [Blasse and Grabmaier, (1994)]. In this particular process, energy 

transfer takes place through phosphors. Most frequently, several impurity ions were used 

to adjust the required emission keeping the host lattice unchanged.  Lanthanide ions had 

been used as impurity ions as their emission spectra are hardly disturbed by their 
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chemical environment. Figure 1.3 represents the schematic diagram showing the basic 

mechanism involved in luminescent centres.  

 

a) Direct excitation 

EXCITATION                EMISSION 

b) Indirect excitation  

EXCITATION    EMISSION    

EXCITATION 

 

Figure 1.3: Schematic representation of a) Direct excitation of activator ion b) Indirect 

excitation of activator ions through energy transfer from sensitizer or host lattice. (E.T 

means Energy transfer). 

 

Depending on the excitation energy source, luminescence can also be classified 

into several types.  Some of them are given below: 

 

Types of luminescence  Energy source  

Chemiluminescence 

Bioluminescence 

Electrochemiluminescence 

Crystalloluminescence 

Chemical reaction 

Biochemical reactions in a living organism 

Electrochemical reaction 

Energy produced during crystallization 

 

 

   Heat 

      HOST LATTICE  

                      E.T 

     E.T 

 

HOST LATTICE  

 

A

   

A 

A 
A 

S 

https://en.wikipedia.org/wiki/Chemiluminescence
https://en.wikipedia.org/wiki/Crystalloluminescence
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Electroluminescence 

Cathodoluminescence 

Photoluminescence  

Thermoluminescence 

Radioluminescence 

Electric current 

Energetic electron 

Photon 

Heat  

Bombarded by ionization radiation 

 

In case of photoluminescence, the energy which is needed for the molecule to excite is 

given by photon. The emission of the absorbed light takes place with characteristic time 

(tc) which allows luminescence to be classified into two types based on the duration of 

emission. The two types of luminescence are  

a) Fluorescence where tc<10
-8

s (Temperature independent process), and 

b) Phosphorescence where tc> 10
-8

s (Temperature-dependent process). 

 

Figure 1.4: Schematic diagram showing the mechanism of Fluorescence and 

Phosphorescence. 
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The above diagram shows the schematic mechanism of fluorescence and 

phosphorescence. Fluorescence light is generated directly from the excited singlet state 

without changing its spin state and normally exhibited a shorter time even if the material 

has long-live fluorescence. The fluorescence light vanishes just after the excitation 

source is pulled out [Bernard and Mario, (2011)]. Whereas, in photoluminescence, the 

exciting material in the singlet state is again passed through an intermediate, i.e. from 

excited singlet state to excited triplet state by changing its spin state. Generally, in 

photoluminescence, the fluorescence light has a long lifetime period. It persevered its 

luminescence even after the excitation source is removed and it may be continued upto 

hours or even days in some particular materials [Francis, (1929)]. The long lifetime of 

phosphorescence emission is due to the change of its spin state from singlet to triplet 

state by a system called inter system crossing. Due to quantum mechanically forbidden 

transition, the material can’t come back quickly to the ground state once the spin has 

changed. Further, photoluminescence can be divided into two categories based on 

emission time duration; a) short period and b) long period. In short period 

photoluminescence, the emission time is less than 10
-4

s, whereas the emission time 

period is greater than 10
-4

s then it is considered a long period photoluminescence. All of 

them have their own significance in science and technology. Schematic diagram of 

different types of luminescence based on their emission time is given below (figure 1.5):  
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Figure 1.5: Classification of luminescence on the basis of emission time. 

 

1.5 Luminescence of trivalent lanthanide ion 

Lanthanides are the elements that follow the general electronic configuration of 

[Xe]4f
n
5d

0-1
6s

2
(where n=1-14). The 4f shells of these elements are successively filled 

up, and these elements show the same valence electrons (except europium and 

ytterbium). Hence they all show quite similar reactivity as well as co-ordination 

behaviour. Some of the lanthanide ions even exhibit luminescence in their divalent states 

(Eu
2+

, Sm
2+

). The luminescence behaviour of lanthanide ions arose due to the electronic 

transitions occurring within the 4f shell. Even though the electronic transition occurring 

in lanthanide ions is parity forbidden, there occurs transition as a result of mixing up of 

orbitals which relaxes the selection rule. Since the transition that occurred within 

lanthanide ions is forbidden, the absorption co-efficient is low and the luminescence 

lifetime of these ions is long which ranges usually from microseconds to several 
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milliseconds. The 4f shell of lanthanide ions is strongly shielded by 5s and 5p orbitals 

which results the luminescence property of these ions are not affected by the 

environment. Hence the absorption and emission peaks of lanthanide ions are narrow 

and sharp except in the case of cerium ions. Due to the strong shielding of the 4f 

electrons by 5s and 5p electrons, the crystal field cannot affect the energy level. Hence 

the position of absorption and emission spectra of lanthanide ions are same irrespective 

of host materials. However, their crystal symmetry and quenching may lead to a 

significant change in their optical properties. Photoluminescence and magnetic 

properties of lanthanide ions make them very attractive in modern research.  Doping of 

different lanthanide ions into a host material give different emission colours. It means 

that different lanthanide ions show emission peaks at different wavelengths. Sm
3+

 ion 

exhibits red/orange/pink colour, Tb
3+

 ion produces green emission light, Dy
3+

 ion 

usually emits in yellow colour, Eu
3+ 

ion shows red colour and Tm
3+ 

in the blue region 

etc. 

 

As said above, 4f electrons are responsible for the luminescence property in 

lanthanide ions. In an orbital, there are several microstates; in these microstates, the 4f 

electrons are allocated. Different configurations produced different numbers of 

microstates depending upon the number of electrons present in the particular shell. Some 

microstates are more stable than others. The ground state is the most stable microstate 

where the electrons are distributed to provide maximum spin multiplicity. In free state, 

orbitals of 4f shell are generally in degenerate states and filled the electrons according to 

the Hund’srule. In case of combined state, the energies of 4f orbitals are perturbed by 

many forces such as Coulombic force, spin-orbit coupling and crystal field. Out of these 

three forces, Coulombic force perturbed most other than the rest two forces followed by 

spin-orbit coupling and crystal field [Gschneidner and Eying, (1996)]. Hence, the 

splitting of 4f energy levels are largely contributed by the Coulombic interaction force, 

and the energy separation between the energies of 4f states produced by the Coulombic 

interaction is in the order of 10
4
 cm

-1
. Further, these energy states are split by spin-orbit 
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interaction into different energy levels. The difference in energy between these split 

energy levels is in the order of 10
3
 cm

-1
 [Gschneidner and Eying, (1996)]. These energy 

states are characterized using the term symbol 
(2S+1)

LJ. Here, L can be denoted as 

S,P,D,F…., corresponding to different values of L=0,1,2,3….., respectively [Hendersion 

and Imbusch, (1989)]. And the spin multiplicity is denoted by (2S+1) which provides 

permitted values of J for a particular value of L. J indicates the total angular momentum 

which is resulted from the coupling between spin angular momentum(S) and orbital 

angular momentum (L). The permitted values of J are 0 and positive but not negative. 

When organic or inorganic ligands surround lanthanide ions, they produce a crystal field 

that affects not only the strength of f-f transition but also splits J levels into different 

sub-levels. The splitting is observed as a fine structure in the emission band [Bunzli, 

(2010)]. Figure 1.6 shows the schematic splitting diagram of 4f energy levels caused due 

to different forces. 

 

 

Figure 1.6: Energy levels splitting for the lanthanide ions with 4f
n
 configuration. 

The ground state which is the most stable state has the highest spin multiplicity. 

In case if it has more than one term of the same spin, then the higher value of L will be 
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considered as the ground state and again if there are same values of L and (2S+1) but the 

difference is only in their J value then the ground state term can be found out using  

Hund’s rule. In a particular orbital, if the electrons are half-filled or less than half-filled 

then the lowest value of J will be considered as a ground state while the electrons are 

filled more than half. In this case, the highest value of J will be considered as the ground 

state. Table 1.2 shows the ground state electronic configuration along with their 

corresponding total angular momentum (J), spin angular momentum (S) and orbital 

angular momentum (L).   

 

Table 1.2: Electronic configuration of Ln
3+ 

ion in the ground state. 

Elements  Atomic  electronic  4f electrons   S=  Σs L=  Σl J= 

Σ(L+S)  number  configuration 

Ce
3+

  58   [Xe] 4f
1
 ↑    1/2   3  5/2 

Pr
3+

  59    [Xe] 4f
2
 ↑↑    1  5  4 

Nd
3+

  60  [Xe] 4f
3
 ↑↑↑    3/2   6  9/2 

Pm
3+

   61   [Xe] 4f
4
 ↑↑↑↑    2   6  4 

Sm
3+

  62  [Xe] 4f
5
 ↑↑↑↑↑   5/2  5  5/2 

Eu
3+

  63  [Xe] 4f
6
 ↑↑↑↑↑↑   3   3   0 

Gd
3+

  64   [Xe] 4f
7
 ↑ ↑ ↑ ↑ ↑ ↑ ↑   7/2   0  7/2 

Tb
3+

  65  [Xe] 4f
8 
 ↑↓ ↑ ↑ ↑ ↑ ↑ ↑   3   3  6 

Dy
3+

  66   [Xe] 4f
9
 ↑↓ ↑↓ ↑ ↑ ↑ ↑ ↑  5/2   5  15/2 

Ho
3+

  67  [Xe] 4f
10

 ↑↓ ↑↓ ↑↓ ↑ ↑ ↑ ↑  2   6   8 

Er
3+

  68   [Xe] 4f
11

 ↑↓ ↑↓ ↑↓ ↑↓ ↑ ↑ ↑  3/2   6  15/2 

Tm
3+

  69   [Xe] 4f
12

 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑ ↑  1   5  6 

Yb
3+

  70   [Xe] 4f
13

 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑  ½  3  7/2 

Lu
3+

  71   [Xe] 4f
14

 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ 0 0 0 
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The energy level diagram of various lanthanide ions was shown in figure 1.7 

[Carnall et al., (1989)]. As stated above, the 4f electrons in lanthanides are strongly 

shielded by 5s and 5p electrons, hence the crystal field is unable to affect the energy 

levels. Moreover, J energy level is well defined and turned out sharp spectra [Frey and 

Horrocks, (1995)]. For this reason, lanthanide energy level diagram can be used in all 

sorts of host materials. But, in case of La
3+

 and Lu
3+

, they have empty and completely 

filled 4f shells respectively and hence they exhibited no optical transitions. Ce
3+

 has only 

one excited energy level as there is only one electron is available in 4f orbital. The light-

induced due to electronic transition is mainly due to magnetic dipole and electric dipole 

interaction. Electric dipole transition is normally site-selective. Whenever lanthanide ion 

occurs in a crystal lattice having inversion symmetry, the transitions are very weak, and 

sometimes no transition is exhibited as electric dipole transition is forbidden while 

magnetic dipole transitions exhibit a strong intensity since magnetic dipole transition is 

allowed. If lanthanide ion detains in the lattice site with non-inversion symmetry, a more 

intense peak is observed in the case of electric dipole transition than magnetic dipole 

transition as electric dipole transition is allowed and magnetic dipole transition is 

forbidden. The selection rule for allowed electronic dipole and allowed magnetic dipole 

transitions are ∆l = ± 2, ∆J = ± 2 and ∆l = ± 1, ∆J = ± 1 (except for 0→0), respectively. 

Hence, in a crystal, the symmetry around lanthanide can be found out using the intensity 

ratio of the electric dipole to the magnetic dipole transitions.  
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Figure 1.7: Energy level diagram of Ln
3+

ions. 
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1.6 Charge Transfer  

Lanthanide compounds usually exhibit sharp and narrow absorption or emission 

spectra but sometimes, broad absorption and emission bands are also observed. In this 

case, charge transfer transition is used to explain this broad band. In this type of 

transition, the distribution of charge on the optical centre alters strongly which again 

results in the change of their chemical bonding. Usually, this kind of transition takes 

place in different orbitals or in between different electronic states of different ions 

[Ronda, (2009)]. Charge transfer transition is normally exhibited either of the two ways 

1) within host materials containing lanthanide ion or 2) in between lanthanide ion and 

host material. The latter one takes place either by transferring charge from lanthanide 

ion to the host material or from host to lanthanide ion [Boutinaud et al., (2007)].  

 

1.7 Quenching of Luminescence  

In some cases, it is unable to meet the condition for efficient luminescence 

emission. Here, non-radiative transition dominates radiative transition, consequently 

results in the decrease of the luminescence emission intensity which is known as 

quenching. Quenching of luminescence occurs due to many processes. However, few 

common mechanisms are as follows: 

a) Cross relaxation 

It is a kind of non-radiative energy transfer. However, the whole excited ions 

transfer some amount of energy to another ion, this process is known as cross-relaxation. 

Such quenching mechanism is connected with energy interaction between lanthanide 

ions and is normally seen when the concentration of lanthanide ions is high. The 

schematic representation of cross-relaxation between two ions R is shown in figure 1.8. 

Here, the original system losses some of its energy and comes down to the lower energy 

state while another system gains the energy to acquire to the higher energy state. 
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Figure 1.8: Graphical presentation of the cross-relaxation between two pairs of R. 

 

 

b) Multi phonon relaxation     

Luminescence emissions are also quenched by a non-radiative transition process 

resulted from the surrounding’s phonon vibration (phonon emission). This kind of 

quenching is termed as multi phonon relaxation. The non-radiative return of the excited 

state to its ground state can be done if it fulfils the conditions i.e. the difference in 

energy (∆E) has to be the same or less than 4-5 times the vibrational frequency of the 

surroundings. 

 

1.8 Literature Reviews 

Rare-earth ions doped materials have drawn a particular attention since they are 

applicable in laser materials, flat panel displays, cathode ray tubes, up conversion 

materials etc. [Balakrishnaniah et al., (2010); Wang et al., (2010)]. Likewise, rare-earth 

doped phosphate compounds also have potential applications in the fields of laser, 

ceramic, sensor, phosphor, heat resistant materials, field-effect transition and also in 

optoelectronics, medical and biological labels, solar cells and fluorescent light sources 

[Di et al., (2004); Sun and Sirringhaus, (2005); Talapin and Murray, (2005); Huang and 

Lieber, (2004); Law et al., (2005); Chiang et al., (2005)]. The photoluminescence 

property of rare-earth ions is considered as one of the most interesting features. Some of 

the rare-earth ions show luminescence in the visible regions while some others are in the 
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near-infrared spectral regions upon UV light excitation. They have potential applications 

in the fields such as fluorescent lamp phosphors [Shionoya and Yen,(1999)], organic 

light-emitting diodes (OLED) [Reyes et al., (2004); Kido and Okamota, (2002)], optical 

fibres for telecommunications, contrast agents for magnetic resonance imaging 

[Faulkner et al., (2005)], biological assays [Matsumoto and Yuan, (2003); Faulkner and 

Matthews, (2004)]. Those rare earth ions which give emission near-infrared region are 

useful for laser applications, telecommunication and optical amplifiers [Sahu et al., 

(2012)]. 

 

On the other hand, BiPO4 is considered as one of the best host materials for 

photoluminescence due to its isostructural to metal phosphate, very high Physico-

chemical stability [Clavier et al., (2011); Tang et al., (2005); Naidu et al., (2012)]. 

BiPO4 has three different phases i.e. hexagonal, low-temperature monoclinic and high-

temperature monoclinic phases [Naidu et al., (2012); Zhao et al., (2013)]. The hexagonal 

phase of BiPO4 can be transformed into low-temperature monoclinic phase on heating 

above 600
o
C [Romero et al., (1994)]. High-temperature monoclinic phase of BiPO4 is 

seldom reported, owing to its metastable feature [Zhao et al., (2013)]. Hexagonal and 

monoclinic essentially differ in the co-ordination number of Bi
+3

. In case of hexagonal 

BiPO4, Bi
3+

 ions are surrounded by eight neighbours oxygen atoms forming square anti-

prism geometry around Bi
3+

, whereas in monoclinic BiPO4, Bi
3+

 has a co-ordination 

number nine similar to the monazite structure of lanthanide phosphate [Ni et al., (1995)]. 

The luminescence from Bi
3+

 species in different inorganic hosts are also quite interesting 

due to its 6s
2
 configuration and significant Stoke shift associated with its emission–

absorption characteristics [Wolfert et al.,(1985)]. Upon UV-excitation, both the phases 

of BiPO4 i.e. hexagonal and monoclinic emit light around 437 nm and this has been 

attributed to the 
3
P1–

1
S0 transition of the Bi

3+
 ion in the lattice. The comparable ionic 

sizes of Bi
3+

 and rare earth ions may make BiPO4 as one of the best host for the dopant 

of rare-earth ions. [Naidu et al., (2012)]. 
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Fu and his group prepared Eu
3+

 doped BiPO4 by precipitation method and 

studied the effect of solvents in phase structure as well as photoluminescence property. 

Hexagonal phase (HP) was obtained for the samples prepared using organic solvents 

which have hydrophobic in nature. In their study, alcohols having hydrophilic nature 

which contains one hydroxyl group were used as solvents and confirmed the formation 

of low-temperature monoclinic phase (LTMP). But mixed-phase (HP and LTMP) was 

confirmed when alcohols having hydrophilic in nature containing more than one 

hydroxyl group were used as a solvent. The formation of mixed phases of Eu
3+

 doped 

BiPO4 was due to the presence of C−O−C and C=O groups in the solvents. Different 

particle sizes were noticed for the two phases and a larger particle size was observed in 

the case of HP than LTMP. During photoluminescence investigation, it was observed 

that the LTMP exhibited higher quantum yield and longer lifetime than HP [Fu et 

al.,(2012)]. Zhao et al. reported the synthesized of BiPO4:Eu
3+

 by room temperature co-

precipitation method followed by annealing of the precipitate formed. The HP was 

observed for the sample synthesized at room temperature. Upon further heating of the 

as-prepared sample in between 400°C to 600°C for 2hrs, a change of phase from HP to 

LTMP was observed. However, on annealing the sample at 800°C for 2 hrs, high-

temperature monoclinic phase (HTMP) was formed. A change of morphology from 

nanorods to spherical shape was also observed when the sample is annealed at 600°C. 

Photoluminescence study showed the highest emission intensity for LTMP samples 

followed by HTMP and HP [Zhao et al., (2012)]. Liu and his co-workers synthesized 

BiPO4 co-doped with Eu
3+

 and Dy
3+

phosphor by solid-state method. A change of phase 

from HTMP to LTMP was reported on increasing the concentration of Dy
3+

 ions. It was 

also reported that the concentration of doping material plays an important role in the 

crystallinity of the prepared phosphors and the characteristic peaks of Eu
3+

 and Dy
3+

 

were split due to this phase transition upon excitation at different wavelengths.  They 

also reported that the phosphor could show a shifting of colour from the red-orange 

region to the blue-green region depending on the excitation wavelengths [Liu et al., 

(2013)]. Tb
3+

 ions doped BiPO4 nanowire was synthesized by Yan using hydrothermal 
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method at 200°C. They studied the effect of different reaction times (1.5hrs, 2.5hrs and 

3.5hrs) on phase and photoluminescence properties. The samples prepared with a 

reaction time of 1.5hrs and 2.5hrs showed hexagonal and mixture of hexagonal and 

monoclinic phases respectively while the sample prepared with a reaction time of 3.5hrs 

showed pure monoclinic structure which resulted in the exhibition of highest emission 

intensity other than 1.5hrs and 2.5hrs of reaction times [Yan, (2015)]. Zheng and his co-

workers enhanced the stability of LTMP of BiPO4 by doping rare-earth ions such as La, 

Ce, Nd, Eu, Er. Doping of a small amount of Ln
3+

 ions ≤9% retarded the structure 

transition to HTMP and resulted in the formation of more stabilized LTMP. Annealing 

of codoped sample (5% La
3+

, 5% Nd
3+

, 5% Ce
3+

 with 2% Eu
3+

) at 900°C not only 

enhanced the percentage content of LTMP upto 89%, 87%, and 96% respectively as 

compared to undoped BiPO4 but also increased the photoluminescence emission 

intensities [Zheng et al., (2014)]. Nanostar morphology BiPO4:Eu
3+

 phosphors were 

synthesized by Becerro and co-workers using the co-precipitation method at 120°C. The 

effect of doping Eu
3+

 ion concentrations was investigated. The phosphor showed red-

orange colour resulted from the emission peaks of Eu
3+

 having transitions 
5
D0−

7
FJ (J = 0, 

1, 2, 3, or 4) and 2mmol% of Eu
3+

 ion was found to be the optimum concentration 

[Becerro et al., (2014)]. 

 

The hydrothermal synthesized of Sm
3+

 ions doped BiPO4 were reported by Shi et 

al. They investigated the effects of pH of the reaction medium and Sm
3+

 ion doping 

concentration on the structural and photoluminescence properties of Sm
3+

 ions doped 

BiPO4. The phase transition was observed from LTMP to HP on increasing the pH of the 

reaction medium as well as Sm
3+

 ion concentration. The morphologies were also 

changed from octahedron-like to mixed morphologies of irregular polyhedron and short 

rod-like shapes as the pH increased from 0.5 to 3. But, the transition due to Sm
3+

 ion 

could be suppressed at a pH of 0.5. The optimum concentration of Sm
3+

 ion was 

reported as 11% when pH of the solution was 0.5 [Shi et al., (2014)]. Yang and his co-

workers reported the synthesis of BiPO4:Tb
3+

/ Ce
3+

nanofibre by using an electrospinning 
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process followed by calcination. They observed that the Ce
3+

 ion enhanced the 

photoluminescence properties of BiPO4:Tb
3+

 by charge transfer process from Ce
3+

 ion to 

Tb
3+

 ion. The concentration quenching was observed after 15mmol% of Tb
3+

 ion [Yang 

et al., (2016)].   

 

Yan and Long studied the charge transfer property from Sm
3+

 ions to Eu
3+

 ions in 

BiPO4 co-doped with Sm
3+

 ions and Eu
3+

 ions synthesized by hydrothermal method. 

They observed that Sm
3+

 ion could enhance the excitation and emission intensities of 

Eu
3+

 ion by transferring the excitation energy efficiently. This transfer of charge is due 

to the overlapping of excitation energy of Eu
3+

 with the emission energy of Sm
3+

 [Yan 

and Long, (2016)]. Ma et al., studied the effects of pH of the reaction medium and the 

amount of CTAB surfactant on the photoluminescence properties of 5% Eu
3+

 ion-doped 

BiPO4. They observed that both pH and the amount of CTAB gave a strong influence on 

the photoluminescence property. When the amount of CTAB was 0-4mM, LTMP was 

formed whereas HP nanoparticles was obtained upon increasing the amount of CTAB to 

6mM. 2mM of CTAB was exhibited the highest emission intensity. The morphology and 

phase were found to change from LTMP micro rod to HP nanoparticles with an increase 

of pH value. The strongest luminescence intensity was observed when the pH of the 

solution is 0.5 [Ma et al., (2017)]. In 2008, Guan et al., synthesized undoped urchinlike 

BiPO4 structure and Dy
3+

 doped BiPO4. The pure and Dy
3+

 doped BiPO4 showed strong 

blue emission and white emission respectively. These blue and white emissions are 

exhibited due to 
3
P1-

1
S0 transition of Bi

3+
 and 

4
F9/2-

6
H15/2 (480 nm, blue), 

4
F9/2-

6
H13/2 

(572 nm, yellow), and 
4
F9/2-

6
H11/2 (664 nm, red) of Dy

3+ 
transitions of Dy

3+
 [Guan et al., 

(2008)]. 

 

Roming synthesized BiPO4:Tb
3+

 by polyol mediated method. He studied the 

effect of calcination on their quantum efficiency and observed an increase in the 

quantum efficiency of the prepared BiPO4:Tb
3+ 

upon calcination at 750°C. The prepared 

BiPO4:Tb
3+

 may be re-dispersed further using ethanol or diethylene glycol [Roming and 
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Feldmann, (2009)]. The effect of different surfactants on phase structure as well as 

photoluminescence properties of Ce
3+ 

co-doped BiPO4:Tb
3+ 

was studied by 

Lakshminarayana and his co-workers. The formation of hexagonal nanostructure of 

Ce
3+

co-doped BiPO4:Tb
3+

 with no agglomeration and limiting the structure growth was 

observed in oleic acid unlike other surfactants, namely glycerol, water glycerol solution, 

water ethylene glycol solution and pure ethylene glycol. Moreover, it has also been 

observed that the photoluminescence property of Ce
3+

co-doped BiPO4:Tb
3+

 is showing 

more intense green emission in oleic acid as compared to other mentioned surfactants 

and transfer of charge from Ce
3+

 to Tb
3+

 was observed during photoluminescence study 

[Lakshminarayana et al., (2015)].  The influences of ageing time on phase, morphology 

and photoluminescence properties were studied by synthesizing BiPO4:Er
3+

, Yb
3+ 

phosphors using solvothermal method. The extension of ageing time resulted in the 

change of phase from hexagonal to monoclinic phase and also the morphology changes 

from nanorods to micro-octahedra through nano rugbies. In case of hexagonal phase, the 

photoluminescence property was observed very weak due to the presence of water 

molecules while maximum photoluminescence emission intensity was observed in case 

of monoclinic phase. BiPO4:Er
3+

, Yb
3+ 

showed green and red upconversion emission 

(UC). The direct proportionality of UC emission with pumping power was also 

mentioned in their study. It has also been concluded that two-photon processes were 

involved in green and red UC emission [Liu et al., (2015)]. The hexagonal phase of 

BiPO4:Eu
3+ 

was synthesized by polyol-mediated route using Diethylene glycol (DEG) as 

reacting medium as well as a capping agent. The presence of DEG stabilizes BiPO4:Eu
3+ 

nanoparticles and allow them to arrange into cocoon-like crystals. The size of the 

particles remain the same even after heating at 600
o
C, but the change of phase from 

hexagonal to monoclinic was observed. The hexagonal phase of BiPO4:Eu
3+ 

exhibited 

very weak emission intensity due to the presence of surface-bound DEG residual 

molecules. This was further removed by heating at 600
o
C along with the enhancement of 

emission intensity [Arunkumar et al., (2012)].   
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Cybinska and his group used ionic liquids 

(butylammoniumdihydrogenphosphate) for the preparation of water free monazite 

BiPO4:Ln
3+

 (Ln = Sm, Eu, Tb, Dy) by microwave method at 120
o
C. The ionic liquid acts 

not only as solvent, microwave susceptor but also particle stabilizer. As prepared 

nanoparticles were free from water as well as from surface-bound water, hence heating 

is not required which causes particles growth and migration of lanthanide ions leading to 

aggregation. Depending upon the type of dopants, the synthesized nanomaterials showed 

different emission colours such as orange (Sm
3+

), red (Eu
3+

), green (Tb
3+

), white (Dy
3+

) 

etc. But in case of BiPO4:Eu
3+

, a high quantum efficiency ranging from 49-65.5% were 

observed [Cybinska et al., (2016)]. Han prepared BiPO4:Ce
3+

, Tb
3+

 by solvothermal 

method using 2:1 mixture of glycerin and water as solvent. The charge transferred from 

Ce
3+

 to Tb
3+

 was observed as the emission wavelength of Ce
3+

 and excitation 

wavelength of Tb
3+ 

were well matched which results in the production of more intense 

emission peak as compared to BiPO4: Tb
3+

 [Han et al., (2014)]. Eu
3+

/Sm
3+ 

co-doped 

micro-sized shuttle shape with smooth surface BiPO4 was synthesized by facile 

hydrothermal method in surfactant-free environment. The photoluminescence study of 

Eu
3+

/Sm
3+ 

co-doped BiPO4 showed a wide excitation band along with the emission of 

orange-red colour. In this study, it had also been observed that the transfer of charge 

from Sm
3+

 to Eu
3+

 consequently enhanced the photoluminescence property of Eu
3+

/Sm
3+ 

co-doped BiPO4 [Jianming et al., (2014)]. Monoclinic phase of BiPO4:Yb
3+

/ Er
3+

 was 

prepared using two different methods such as solvothermal method and solid-state 

method. Further, the effect on upconversion (UC) luminescence properties was studied 

by co-doping different concentrations of Sc
3+

 to BiPO4:Yb
3+

/ Er
3+

. Strong dual-

wavelength sensitive UC emission properties due to BiPO4:Yb
3+

/ Er
3+

/Sc
3+

 were noticed. 

The UC emission intensity is further enhanced by controlling the appropriate 

concentration of Sc
3+

. The colour co-ordinates resulted from BiPO4:15% Yb
3+

, 2% Er
3+

, 

x% Sc
3+

 (x=0, 1, 3 and 5) prepared by solid-state method and solvothermal synthesis 

were found in the green or yellow-green region upon excitation at 980 nm or 1550 nm. 

The optimum concentration of Sc
3+

 was found to be 3% which enhanced UC emission 
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intensity 250/8 times than Sc
3+ 

free samples under excitation at 980 nm/1550 nm[Li et 

al., (2018)].  

 

 Li et al., observed the change in the phase transition of BiPO4: Eu
3+

 by 

controlling the concentration of PO4
3-

 ion under reaction solution. The change of phase 

from hexagonal to low-temperature monoclinic phase was observed due to the change of 

free energy in the crystallographic system at which a lower energy crystallography phase 

is formed. The study also confirmed the higher luminescence property of monoclinic 

phase over hexagonal phase due to non-radiative process in the lattice [Li et al., (2019)]. 

Zhao et al., studied the phase change of BiPO4:Eu
3+

 upon increasing the doping 

concentration of Eu
3+

 using hydrothermal method. Monoclinic phase of undoped BiPO4 

was obtained when the sample is prepared at 100
o
C. When the concentration of Eu

3+ 

ions is increased upto 0.068 then the monoclinic phase changed to hexagonal phase. The 

hexagonal phase of BiPO4:Eu
3+ 

is further transformed into a monoclinic phase upon 

heating at 400
o
C which is just the opposite of doping. Enhanced luminescence property 

of monoclinic phase was reported as compared to hexagonal. It is necessary to account 

into the structural changes due to different chemical natures to enhance the 

luminescence applicability [Zhao et al., (2012)]. The photoluminescence lifetimes of 

three different phases such as hexagonal phase, low-temperature monoclinic phase and 

high-temperature monoclinic phase of undoped BiPO4 were discussed by preparing the 

samples using co-precipitaion method, hydrothermal method and calcination of 

hydrothermally synthesized sample respectively.  Broad band emission of all the three 

phases was confirmed from the photoluminescence emission spectra centring at 540nm 

resulting from the recombination of electrons and holes generated due to UV 

illumination. Moreover, Bi
3+

 ion containing materials usually exhibited broad emission 

spectra upon UV excitation due to 
3
P1 to 

1
S0 transition. The photoluminescence lifetime 

study showed the maximum lifetime for the sample with high-temperature monoclinic 

phase [Wang et al., (2013)]. Different polymorphs of BiPO4:Eu
3+ 

were prepared using 

hydrothermal method. Hexagonal phase of the phosphor was obtained when prepared at 
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100
o
C, when the temperature is increased upto 160

o
C, monoclinic phase is obtained. 

Again, the temperature is increased beyond 180
o
C, hexagonal phase is observed. But the 

hexagonal phase obtained under different temperatures can be transformed in 

monoclinic phase upon annealing at 400
o
C. There occurred a change of morphology 

from nanorods to prism-like shape, the lattice strains also vary from tensile to 

compressive and then again returned to tensile. The effects of polymorphs on their 

luminescence property were shown by the increase of a) decay time b) quantum 

efficiency c) non-radiative transitions. Monoclinic phase was reported as the best phase 

for photoluminescence applications [Zhao et al.,(2012)]. Shi et al., investigated the 

effect of cation/anion molar ratio [Bi
3+ 

+ Eu
3+

]/[PO4
3-

] on the structural morphology as 

well as the photoluminescence properties of BiPO4:Eu
3+

 prepared under a simple 

hydrothermal method. In their study, it had been observed a) change of phase from 

hexagonal to monoclinic phase along with the change of morphology from nanoparticles 

to octahedron like and finally rod-like respectively, b) increase of particle size from 

150nm to 10micro meters when the molar ratio of cation/anion changes from 1:0.5 to 

1:2.5. The weak emission intensity of 1:0.5 molar ratio is attributed to OH oscillators of 

H2O present in hexagonal nanomaterials whereas, rod-like monoclinic exhibited strong 

emission due to its high crystalline nature [Shi et al., (2015)].     

 

 BiPO4 doped with Ce
3+

 and Eu
3+ 

ions singly and Ce
3+

 co-doped BiPO4: Eu
3+

were 

prepared by simple precipitation method. The photoluminescence study showed the 

exhibition of blue emission for BiPO4 doped with Ce
3+

 and yellowish-orange for BiPO4: 

Eu
3+

 were observed due to 5d → 4f and 
5
D0→

7
F1 of Ce

3+
 and Eu

3+ 
respectively. Tunable 

emission in blue and orange regions was observed from Ce
3+

co-doped BiPO4: Eu
3+ 

depending upon the excitation wavelength in a single sample. No charge transfer from 

Ce
3+

 to Eu
3+

 and vice-versa was observed due to the unavailability of metastable 

excitation levels for Ce
3+

 and Eu
3+ 

ions. Moreover, there is no spectral overlap between 

the emission spectra of Ce
3+ 

and excitation spectra of Eu
3+ 

ions [Singh et al., (2015)]. 

Tunable photoluminescence properties associated with Tb
3+

 and Eu
3+

codoped BiPO4 
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synthesized by hydrothermal method was firstly demonstrated by Wang and his co-

workers. Change of emission colour from green to yellow and red was confirmed by co-

doping Tb
3+

 and Eu
3+

 to BiPO4 and by changing their doping ratio respectively. 

Moreover, there occurred an efficient charge transfer from Tb
3+

 to Eu
3+

 ions. 

Interestingly, 9% Tb
3+

 and 3% Eu
3+

co-doping exhibited warm white light emission was 

reported successfully in their study [Wang et al., (2015)]. Rice shape lanthanide ions 

(Yb
3+

, Er
3+

, Tm
3+

 and Ho
3+

) doped BiPO4 upconversion submicron particles (SMPs) 

were prepared by facile precipitation method at room temperature followed by 

subsequent calcination. The upconversion luminescence was observed for monoclinic 

phase upon excitation at 980nm laser diode. Red, Green and Blue emission lights have 

been observed for Yb
3+

 and Ho
3+

/Er
3+

/Tm
3+

 co-doped BiPO4 SMPs. It was also reported 

the emission of warm white light by BiPO4:20% Yb
3+

/1% Er
3+

/0.5% Tm
3+

/0.15% Ho
3+

 

which was also confirmed by the calculated chromaticity coordinates of (0.318, 0.356), 

which fall in the white region and are very close to the standard energy of white light 

coordinates (0.333, 0.333) [Wang et al., (2013)].  

 

 pH also plays a vital role in photoluminescence property. In 2015, Yan 

investigated the effect of pH on the structure and photoluminescence properties of 

BiPO4: Eu
3+

. During their study, a decrease in crystallinity, destruction of regular rod-

like crystals, formation of small particles were observed with increase of pH. With 

increased of pH, the particles are aggregated more and formed aggregated rod shape 

structure which lowers the photoluminescence property [Yan, (2015)]. Zhang et al., 

studied the effect of PO4
3-

 ion concentration on the structure, morphology and 

luminescence properties of BiPO4: Dy
3+

. The crystal structure having growth-oriented 

along (120) plane, change of morphology from irregular polyhedron like to rod-like 

were observed when the concentration of PO4
3-

 ion is increased. Moreover, it had also 

been reported that the excessive presence of PO4
3-

 ion enhanced the photoluminescence 

property which makes them a good reference to design better luminescent materials 

[Zhang et al., (2017)].  Zhou et al., enhanced the luminescence property of BiPO4: Eu
3+
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by introducing Li
+
 in it. By the presence of Li

+
 helps in the improvement of symmetry 

and it also prevents the agglomeration of the particles and resulted in the enhancement 

of emission intensity [Zhou et al., (2011)]. Recently, an innovative approach has been 

made for the preparation of colloidal photoluminescent BiPO4: Ln
3+

 (Eu
3+

, Tb
3+

) using 

oleic acid as surfactant and H6P4O13 as PO4
3−

 source by using solvothermal method. The 

adsorbed oleic acid during synthesis made the nanoparticles hydrophobic in nature. The 

colloidal solutions of BiPO4: Eu
3+

 and BiPO4: Tb
3+

 showed organic red and green 

colours respectively. And it has also been reported that the synthesized nanoparticles are 

having promising applications in water painting [Huang et al., (2019)].   

 

1.9 Scope of Studies  

 The scope of the study will include the photoluminescence property of lanthanide 

ions doped BiPO4 phosphors. The photoluminescence property depends on some factors 

such as concentration, annealing effects will be discussed as it is important to find out 

the optimum concentration to apply into applications and the same is required for 

annealing also. So, the main objective of the current thesis will be 

 

 To synthesize the rare earth ions doped BiPO4 phosphor samples  

 To characterize the rare earth ions doped phosphor samples by using the 

characterization technique XRD (X-ray Diffraction), TEM (Transmission 

electron microscope), PL etc. 

 To study the photoluminescence properties of the rare earth ions doped phosphor 

samples with different concentrations of dopant ions. 

 To study the effect of annealing temperature of the rare earth ions doped 

phosphor samples on photoluminescence properties. 
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1.10 Methodology 

1.10.1 Synthesis of rare-earth doped BiPO4 phosphors  

 The rare-earth ions doped BiPO4 phosphors were synthesized by co-precipitaion 

method. Co-precipitation method is considered as one of the simplest way to synthesize 

phosphors and it is cost-effective and have so many advantages over solid-state method 

with regards to the temperature requirement, homogeneity of the product obtained. The 

solid-state method required frequent grinding of the sample during the synthesis process 

and needs a high temperature to get the desired product, while in case of co-precipitation 

method the synthesize of the phosphor usually take place in liquid state. Hence, grinding 

is not required during the synthesis process and need comparatively lower temperature 

compared to solid-state method. The details of co-precipitation synthesis steps will be 

given in the coming chapters in detail. 

 

1.10.2 Characterization techniques 

 X-Ray diffraction (XRD) 

The phase purity as well as the crystal structures of the synthesized phosphors 

are determined by using XRD patterns study of the phosphors. The XRD patterns of the 

phosphors were measured by XRD machine. For this, the dried phosphor is kept in a 

sample holder or in a glass slide and then it is put inside the machine. Further, the 

machine is run at different 2 theta ranges as per the requirement of the phosphors and all 

the measurements are done at room temperature.  

 

 Scanning Electron Microscope (SEM) and (EDAX) 

 The morphology and elements present in the synthesized phosphors were 

measured by SEM and EDAX spectra. For these measurements, a few amounts of the 

phosphor was put on carbon-coated tape and it is blown using a blower. Further, the tape 

is inserted inside the sample chamber of the SEM machine and then it is scanned by 

applying high voltage. The resultant SEM image was recorded. While the EDAX spectra 

were measured by scanning a particular area of the SEM image. Then, the elements 
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present in that particular area were shown as a spectra type image which is saved for 

further use. 

  

 Transmission Electron Microscope (TEM)  

 Transmission electron microscopy is used to find out the shape, crystallinity and 

size of the sample using the TEM images, HRTEM and SAED pattern obtained from the 

analysis of Transmission electron microscopy technique. Recording of the above-

mentioned images required the synthesized powder sample to be dispersed into a solvent 

such as methanol under ultrasonic vibration for around 1hr. Then, few drops of the 

dispersed particles were taken out and put over a copper grid that had already been 

coated with carbon. Further, it is dried in an ambient atmosphere and inserted into the 

instrument to get the required images.  

 

 Fourier Transform Infrared (FT-IR) Spectroscopy  

 The vibrational spectra of a material can be found out using FT-IR spectroscopy 

technique. If the sample contained adsorbed water molecule from the synthesis process 

can be easily investigated from the FT-IR spectra. Measurement of FT-IR spectra is 

carried out using a few amounts of the powder sample and measured generally in the 

wavelength ranges from 400-4000cm
-1

. The beam splitter used in FT-IR technique is 

KBr generally. Shimadzu Iraffinity-1s FT-IR spectrometer using KBr as beam splitter 

was used for recording the FT-IR spectra of the entire prepared phosphors. 

 

 Photoluminescence Spectroscopy 

 Photoluminescence spectroscopy is used generally to find out the excitation and 

emission wavelength of a sample. Finding out an emission wavelength in this particular 

spectroscopy required an excitation wavelength (wavelength having maximum 

absorption) and vice versa. Generally, second-order spectra are also shown in the 

photoluminescence spectra and it can be removed using appropriate filters. 
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Chapter 2 

Instrumentation 

 

2.1 Introduction  

 After the completion of synthesizing steps, characterization of the synthesized 

phosphors is an important step required to discover the properties of the phosphors using 

required instruments. The properties of a material depend on the morphology as well as 

the size of the synthesized particles. Hence it is very important to find out the particle 

size as well as the morphology of the particles formed. Generally, characterization can 

be classified into two main categories, such as spectroscopy techniques and microscopic 

techniques. The microscopic techniques consist of Scanning electron microscopy 

(SEM), Transmission electron microscopy (TEM), Atomic force microscopy (AFM) etc. 

while spectroscopy techniques consist of UV-Visible spectroscopy, Fourier transform 

infrared spectroscopy (FTIR), Photoluminescence (PL) spectroscopy etc. Generally, X-

Ray Diffraction (XRD), High-resolution transmission electron microscope (HRTEM) 

and selected area electron diffraction (SAED) are used to determine the crystal structure, 

phase composition and crystallinity of a material. In this chapter, it will be discussed 

about the instruments which are generally used for the characterization of materials.  

 

2.2 X-Ray Diffraction (XRD) 

 X-Ray Diffraction is considered as one of the basic techniques to characterize a) 

the crystalline nature of solids including semiconductors, organic materials, insulators, 

ceramics, metals, polymers etc. b) symmetry of the atomic arrangement c) 

crystalline/particle sizes as well as the position of the atoms present in the crystal. A 

German physicist named Wilhelm Conrad Rontgen discovered X-Ray Diffraction in the 

year 1895. X-Ray Diffractometers are of two types namely single crystal x-ray 

diffractometer which is usually used for molecular structure and powder x-ray 

diffractometer for phases. Hence the atomic structure as well as molecular structure,
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preferred crystal orientation, crystal defects etc. of a material can be determined by using 

X-ray diffraction [Bob, (1954); Cullity, (1956)]. X-ray corresponds to the 

electromagnetic radiation in which the wavelength used in X-ray diffraction is 1Å. This 

electromagnetic radiation is obtained when a high energy electron of several thousand 

electron volts is stopped or decelerated by a heavy metal target (Cooper or Molybdenum 

etc.). Constructive and destructive phenomena take place when the crystalline or 

molecular structures are exposed to X-rays. Only in a few directions, the constructive 

interferences may be noticed while their waves are in phase. So, every crystalline sample 

exhibited its characteristic diffraction patterns. The X-ray diffraction pattern is used to 

obtain only when the condition satisfies Bragg’s law.  

nλ = 2dSinӨ 

Where, d=interplanar spacing, Ө=incident angle (Bragg angle), λ=wavelength of the 

incident x-ray.  Figure 2.1 shows the schematic diagram of x-ray diffraction from a 

crystal. 
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Figure 2.1: Schematic diagram of X-Ray diffraction from a crystal. 

Bragg’s law is derived as follows. Two incident beams of light (R and L) making 

an angle Ө to the two adjacent planes separated by a distance of d are reflected (R’ and 

L’) within the crystal. The reflected beams will have maximum intensity only when their 

characteristic waves are in phase. Beam L travelled an extra distance compared to beam 

R. Hence there occur a path difference between the beams R and beam L. The distance 

i.e. BCD must be equal to a whole number of the wavelength (λ). The d-spacing and 

angle of incidence or Bragg’s angle ‘Ө’ are related to the distance BC or CD as follows: 

BC = CD = dSinӨ; BCD = BC+CD = 2dSinӨ 

And,        BCD = nλ 

Therefore,     nλ = 2dSinӨ 
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The incident ray made an angle Ө with a fixed plane and the same angle was also 

formed by the reflected ray, the reflected beam made an angle of 2Ө with the incident 

beam. Using the diffraction peaks corresponding to 2Ө values, it is also easy to identify 

the phase of materials comparing with the database available at the Joint Committee on 

Powder Diffraction Standards (JCPDS) or International Centre for Diffraction Database 

(ICDD). By knowing the value of d-spacing and their corresponding hkl planes, the 

lattice parameters of the materials can be calculated as follows: 

i) For cubic systems, 
 

  
 

 
       

  
 

ii)  For tetragonal systems, 
 

  
 

 
    

  
 

  

  
 

iii) For hexagonal systems, 
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)  

  

  
 

iv) For monoclinic systems, 
 

  
 

 

     
 
 
 

  
 

       

  
 

  

  
 

      

  
) 

Where, a,b,c are the lattice parameters of the crystal and β is the angle. The average 

sizes of the crystal can be evaluated using the Scherrer equation, 

D = 
  

     
 

Where, D = average crystalline size of the material, k = shape factor ( 0.9), λ = 

wavelength of the x-ray,   = full width at half maximum (FWHM) in radian and   = 

Bragg’s angle [Klong and Alexander, (1954); Scherrer, (1918); Patterson, (1939)]. 

Figure 2.2: shows the schematic diagram of full width half maximum. 

 



 

 

 

Chapter 2 

 

35 
 

 

Figure 2.2: Schematic diagram of full width half maximum. 

 

2.3 Transmission Electron Microscope (TEM) 

It is a high-resolution characterization technique that has the capability to image 

atoms in crystalline specimens with resolutions upto 0.1nm, smaller than interatomic 

distance. This type of analysis technique is tremendously essential for characterizing the 

materials at a scale ranging from atoms to nanometres. The information regarding the 

particle size, shape, crystallinity and interparticle interaction can be demonstrated using 

TEM analysis. It is an important microscopic technique in which an electron beam from 

an electron gun is passed through an ultra-thin specimen less than 100nm thick. The 

interaction of the electron with the specimen resulted in the formation of an image when 

the electron beam is transmitted through the specimen. The image thus formed can be 
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magnified further and then focused onto an imaging device such as a layer of 

photographic film, fluorescent screen, or sensors such as scintillator attached to charge 

couple devices. TEM was illustrated by Max Knoll and Ernst Ruska for the first time in 

the year 1931 and the first commercial TEM was launch in 1939. In 1986, Ruska was 

honoured with the Nobel Prize in Physics for the development of TEM. Its working 

principle is based on the electron’s wave nature and the wavelength λ which is given by, 

λ = 
 

 
 = 

 

    
 = 

 

    
 = 

 

     
 

This equation is also known as de-Broglie equation. Where, h represents Planck’s 

constant, m is the mass of the electron, v represents the velocity of the electron, E is 

energy and the applied potential V. The wavelength associated with the electron 

decreases when the voltage is higher and thus allowing the electrons to penetrate a 

distance of microns into a solid. Hence, it enabled to image and structure of material 

upto the atomic level.  

 

 Resolution is very important for an image to distinguish one from another. The 

resolving power of a microscope is different from its magnifying power. Even though an 

image is magnified with a power lens, the image will not be cleared and it will be 

difficult for the image to read and hence the magnification will not enhance the 

resolution power of a microscope. Resolution d of a microscope is related to wavelength 

as: 

d=  
 

   
 

where, NA represents the numerical aperture of the system. De Broglie wavelength of 

electron (= 2.85x10-3 nm at 160 kV) is very short as compared to the wavelength of 

visible light by about one million times. TEM can magnify the image about one million 

times than the optical microscope. Figure 2.3 shows the schematic diagram for a TEM. 
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Figure 2.3: Schematic diagram of TEM 

 

Generally, a TEM is composed of the basic components, namely an electron 

source, vacuum, specimen stage, electromagnetic lens and detectors. When the pin-

shaped cathode is heated up the current, the electrons ray is turned out. This electron ray 

is vacuumed up at anode using high voltage. As the voltage is higher, the wavelength 

turned out to be shorter which results in the higher resolution of the electron microscope. 

The accelerated electrons are further moved to the drill-hole at the bottom of the anode. 

The electronic coils generate an electromagnetic field in the lens system. The condenser 

lens first focused on the electron ray and then passed through the object. The scattered 

electrons after passing through the object are collected by an objective. Thus an image is 

formed. The image so formed can be enlarged using an additional lens (projective with 

an electron microscope) and visualized on the fluorescent screen of the CCD camera. 

High-resolution TEM (HRTEM) enabled to observe the rearrangement of atoms directly 

in a sample. SAED provides a set of diffraction spots or rings of the crystal lattice when 
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the lattice diffracted the high energy electrons. These diffracted rings are of great use for 

evaluating the interplanar spacing using the formula; 

       = 
  

 
 

Where, L is a constant for the particular (the length of the camera),   is the wavelength 

of the electron and R is the radius of the diffraction ring.  

 

 Sample preparation for TEM, HRTEM or SAED analysis is as follow, the 

sample is first ground into powders and then dispersed using dispersive solvents. Few 

drops of the dispersed solution are put on the copper grid which is already coated with 

carbon. Then it is put into the sample holder and inserted into the instrument. The 

sample is scanned by applying a high voltage. 

 

2.4 SEM and EDX 

 The main components of SEM consist of an illumination system, specimen stage, 

objective lens, magnification system, data recorder system, chemical analysis system. 

Tungsten filaments are usually used as an illumination system and magnetic lens as 

magnification. Like TEM, there are two or three lenses above the specimen which acts 

as a condenser and the final lens also known as the objective lens which narrows the 

incident beam upto 10nm. Figure 2.4 shows the schematic representation of SEM. In 

the process, the electron probe scanned across the specimen horizontally in two 

perpendiculars (x and y) directions. Sawtooth-wave generator generated the x-scan 

which is relatively fast. This generator gives scanning current to the two coils which are 

connected in series on either side of the optic axes. Further, these coils create a magnetic 

field in the y-direction, creating a force on the electron (travelling in the z-direction)that 

deflects in the x-direction.  Y-scan is relatively slow and it is resulted due to the second 

sawtooth-wave generator. In such kind of process, the electron losses its energy due to 

repeated random scattering and absorption occurred within specimen volume. The 

exchange energy that occurred between the electron and sample within the specimen 
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volume is responsible for the electrons to get reflected through elastic scattering, 

emission of electromagnetic radiation, emission of the secondary electron through 

inelastic scattering, which is detected in the detector. The amplified output signals are 

fed to cathode-ray tubes and thus, images are captured using cameras with the high-

resolution ability [Egerton, (2016); Singh, (2011)]. Moreover, the emitted x-rays are also 

utilized for the sample to determine its chemical composition using suitable electron 

voltage (EDAX). For the entire process, the sample should be conductive or it will be 

made conductive.  

 

Figure 2.4: Schematic representation of SEM. 

 

EDAX (Energy-dispersive analysis of x-ray) is one of the essential techniques to 

find the constituent elements present in a particular sample. It works on the fact that 

every element has a different atomic structure, so there are different peaks for different 

atoms in the x-ray spectrum [Goldstein, (2003)]. Only the electrons in the inner shells 

are responsible for the exhibition of x-rays and the energy or frequency resulted from the 

observed x-rays are related to the atomic number as: 
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E = C1(Z-C2)
2 

Here, C1 and C2 are constants that depend on the types of lines. The atomic 

number of an element that produces lines can be determined if the energy of K,L,M lines 

are given [Goldstein, (2003)]. The schematic diagram which shows the electron 

transition in an atom is shown in figure 2.5. Measuring the elemental composition as 

well as the surface morphology need the sample to be ground and dispersed using 

suitable solvents. Then, it is transferred to the carbon-coated film and inserted inside the 

SEM instrument. Low pressure is evacuated inside the chamber. The sample is scanned 

applying high voltage. Thus the surface morphology as well as the elemental 

composition is evaluated using the images obtained. 

 

 

Figure 2.5: The schematic diagram which shows the electron transition in an 

atom. 
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2.5 FT-IR Spectrometer  

FT-IR spectroscopy is an economical, rapid, easy, and non-destructive technique 

deserving wider use for material analysis. Infra-red spectroscopy is used to get an 

infrared spectrum of emission, absorption, Raman scattering of a solid, liquid or gas. 

When infra-red radiation passed through a material, some of the radiations are being 

transmitted while some of them get absorbed by the sample. Hence the FT-IR spectrum 

is consisting of molecular absorption as well as transmission. FT-IR spectroscopy 

analysis is useful to obtain information regarding the vibration and rotational of 

chemical bonding and molecular structure. FT-IR peaks are resulted due to the 

frequencies of vibration between the atomic bonds of the materials. The fingerprint of a 

sample can be represented by FT-IR spectrum as different materials show different FT-

IR spectrum i.e. no two different materials are having the same FTIR spectrum. So, 

effective identification of a material can be done using FTIR spectra [Banwell and 

McCash, (1994); Colthup et. al., (1964)]. From FT-IR spectra, it is possible to indicate 

the amount of material present depending on the size of the peaks obtained. Depending 

on its frequency range IR region can be divided into three different regions, namely near 

IR, mid-IR and far IR.  

 

In FT-IR instrument, a prism or grating allowed to separate the energy which 

was emitted from the infra-red source into different frequencies like a prism separates 

the white light into seven different colours. FT-IR took a long time to scan, hence it was 

developed using an optical device known as an interferometer to measure all the IR 

frequencies at a time instead of measuring one after another. The signals produced using 

an interferometer are very unique as all the IR frequencies are coded into it. Hence, it 

takes significantly less time to measure the signals. When the signals obtained using an 

interferometer is unable to define directly, decoding an individual frequency is required 

to interpret the signal. This decoding of signal can be done using Fourier transformation. 

A schematic diagram of FT-IR spectrometer is shown below: 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/spectroscopy
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Figure 2.6: Schematic diagram of FT-IR 

 

FT-IR consists of the main components such as source, interferometer and 

detector. A glowing black body is generally used as an IR source that releases IR energy. 

The IR energy from the source is first passed through an aperture to control the energy 

required for the material to be analyzed. Then it passed through the interferometer. 

Michelson interferometer is one of the most commonly used interferometers. This kind 

of interferometer consists of a fixed as well as a movable mirrors along with a beam 

splitter. The beam splitter splits the incoming IR energy into two components, one 

component directed towards the fixed mirror while the other component directed 

towards the movable mirror. The two energy components are further recombined 

together at the beam splitter due to the generation of path difference between the beams 

since one beam is used to travel upto a fixed length as it is reflected from the fixed 

mirror while the other component travelled with constantly changing its length as the 

mirror moves. The interfering of these two beams resulted in the production of signals 

known as an interferogram. The signals (interferogram) are further passed through the 

sample chamber and thereby generating IR signals and finally reached to the detector.    
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2.6 Photoluminescence spectrometer 

 It is a process of spontaneous emission of light due to the optical excitation of a 

material. Photoluminescence (PL) studies are very useful for the characterization of 

several parameters of a material. PL spectroscopy exhibited electrical information and it 

is a very sensitive probe for electronic states. The emission spectra resulted from PL 

measurement is capable of distinguishing surfaces, interfaces, impurity levels etc. The 

lifetime of a bulk state of the non-equilibrium interface can be obtained from the 

transient PL intensity resulted from pulsed excitation. PL emission intensity is affected 

by the change in temperature. Time-resolved PL is fast and it is also important for 

characterizing a rapid process that takes place within a material. Materials with low 

radiative efficiency are unable to analyze by ordinary PL. The optical activity of 

material plays an important role in determining its impurity level. The excitation as well 

as the emission of a material can be recorded using a fluorometer. Fluorometer is of two 

types namely Filter fluorometer and Spectrofluorometer. In case of filter fluorometer, a 

filter is generally used to isolate the emission and incident light whilst a 

spectrofluorometer used a diffraction grating monochromator to do the same. Comparing 

the two fluorometers, spectrofluorometer is more advantageous than that of filter 

fluorometer as spectrofluorometer can scan a sample in a wide range of wavelengths but 

it is more expensive. The working principles of the two fluorometers are the same. 

 

 The light which comes from the light source in the excitation wavelength range 

of material is passed through a monochromator or an excitation filter. Then, only the 

required energy range is allowed to pass through the sample. The sample is further 

excited by absorbing the light coming from the monochromator or a filter and produced 

fluorescence when it gets back to the ground state again. The produced emission light is 

emitted in all directions and some of it passed through a second monochromator or filter 

before it goes to the detector. This second type of filter is responsible for screening out 

the light (Rayleigh and Raman scatter) emitted from the sample. Generally, the second 

type of filter or emission filter is used to keep at 90
o
 with the incident light to let the 
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transmitted light reaching the detector without disturbances. Hence, a better signal-noise 

ratio is obtained by lowering the detection limit compared to the 180
o
 geometry 

[Rendell, (1987)]. A schematic diagram of Spectrofluorometer is shown below in figure 

2.7. 

 

Figure 2.7: Schematic diagram of a Spectrofluorometer. 

 

 Xenon arc lamp, xenon-mercury arc lamp, high-pressure mercury vapour lamp, 

LED etc. are generally used as a light source in fluorometers [Lakowics, (1983)]. Even 

though the fluorometer with laser as a light source doesn’t require an excitation filter or 

a monochromator due to the narrow emission wavelength, it is very inconvenient as the 

wavelength cannot be changed. LEDs as a light source for fluorometer is having many 

advantages like low power consumption, long lifetime, wide range of wavelength etc. 

So, this light source is considered as a good source even for the near future. Lamps are 

also one of the good light sources producing a wide wavelength range other than the 
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required to excite the material. Xenon lamp is one of the most commonly used light 

sources which emits light with a wavelength range of 190nm to 1200nm. Mercury 

vapour lamp is not suitable for fluorometer as it gives intensified light with wavelength 

concentrated only in Hg spectrum. Photomultiplier which consists of 6-12 diodes 

exhibited an anodic current corresponding to the light intensity. The supplied voltage 

affects greatly to the intensity of the signal as well as noise. Noises are greater when the 

supplied voltage is high enough. Hence, balancing the sensitivity and noise is much 

required. 
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Chapter 3 

Synthesis, Characterization, Photoluminescence and Photocatalytic studies of 

BiPO4:Ce
3+

 

3.1 Introduction  

 Rare-earth ions doped luminescent materials have attracted much attention 

because of their wide applicability in the fields of lighting and display devices, 

optoelectronics etc. [Park et al., (2013); Singh et al., (2019); Yang et al., (2013)]. 

Among the rare-earth ions, Ce
3+

 is very much sought after due to its low cost, spin and 

parity allowed optical 4f–5d transitions and its applications in scintillators, light-emitting 

diodes and field emission displays etc. [Dabre et al., (2014)]. Moreover, Cerium ions 

doped phosphors could absorb in UV region with a large cross-section and emit in the 

blue region of the visible radiation due to allowed electric dipole transitions, which 

makes them suitable for applications in the fields of lithography, imaging, optical data 

recording [Lai et al., (2008)]. 

 

In the last few years, phosphate based luminescent materials have drawn a 

considerable attention because of their potential applications in photoluminescence, 

photocatalysis, superionic conductors, moreover, they have high physio-chemical 

stability [Ganguli et al., (2015); Naidu et al., (2012); Guan et al., (2008)]. As a member 

of phosphate family, BiPO4 is considered as one of the most suitable host for doping rare 

earth ions because of their comparable in size of Bi
3+

 with the trivalent rare-earth ions. 

BiPO4 normally crystallizes in three crystallographic forms: Hexagonal phase, low-

temperature monoclinic and high-temperature monoclinic phases [Zhao et al., (2013)]. 

Hexagonal phase is generally formed at lower temperature and it can be converted into 

low-temperature monoclinic phase on heating above 600˚C. High-temperature 

monoclinic phase of BiPO4 is rarely reported due to their metastable feature [Zhao et al., 

(2013)]. Hexagonal and Monoclinic structures of BiPO4 essentially differ in the co-

ordination number of Bi
3+

. In case of hexagonal phase, Bi
3+

 ions are surrounded by eight 

https://pubs.rsc.org/en/results?searchtext=Author%3ABoddu%20Sanyasi%20Naidu
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neighbouring oxygen atoms and forming square anti-prism geometry.Whereas in case of 

monoclinic phase nine near oxygen atoms surround Bi
3+

 ions. In hexagonal phase, BiO8 

polyhedra and PO4 tetrahedra with lattice water molecules located in channels are 

symmetrically arranged in a chain form parallel to the c-axis [Naidu et al., (2012); 

Arunkumar et al., (2012)]. But in monoclinic phase, the chains are unsymmetrically 

arranged [Arunkumar et al., (2012)]. Monoclinic phase exhibited superior 

photoluminescence and photocatalytic activity than the hexagonal phase [Achary et al., 

(2013)]. Additionally, the luminescence arising from the Bi
3+

 species is also quite 

interesting because of its electron transition between the 6s
2
 ground states and the 6s6p 

excited states and significant Stoke shift associated with its emission–absorption 

characteristics [Naidu et al., (2012)].  

 

On the other hand, semiconductor photocatalysis has become the most attractive 

research topic among researchers in the past few years as it is considered as the most 

promising method to solve energy problems and environment-related problems [Wang et 

al., (1997); Kamat, (1993)]. It has potential applications in water splitting to generate 

hydrogen and decomposition of organic dyes in waste-water. The organic dyes present 

in waste-water are very stable in the natural cycle. Therefore, it causes hazardous effects 

on living beings (both aquatic and surface environments). It also caused carcinogenic, 

mutagenic to human being as well [Lellis et al., (2019), Berradiet al., (2019)]. Hence, 

the degradation of these organic dyes is of great importance before entering into the 

fresh water bodies. In this regard, BiPO4 is considered as a good UV-light active 

photocatalyst semiconductor due to its high efficiency to separate the electrons and 

holes, low cost, high stability etc. It has also been reported that BiPO4 has greater 

activity on the degradation of some organic dyes, phenol, benzene than the P25 under 

UV light irradiation [Pan and Zhu (2010); Pan et al., (2012); Xu et al., (2013)]. 

Moreover, doping of Ce
3+

 ion into semiconductor leads to increase its surface area and 

also enhances the electron-hole charge separation which higher its photocatalytic 

activity [Reli et al., (2019); Regmi et al., (2018)]. Therefore, the present study is focused 

https://pubs.rsc.org/en/results?searchtext=Author%3ABoddu%20Sanyasi%20Naidu
https://pubs.rsc.org/en/results?searchtext=Author%3ABoddu%20Sanyasi%20Naidu
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on the investigation of photoluminescence and photocatalytic properties of Ce
3+ 

doped 

BiPO4 prepared by co- precipitation method using ethylene glycol as reaction medium.  

 

3.2 Experimental details 

3.2.1 Materials 

The chemicals used for the synthesis of Ce
3+

 doped BiPO4 are cerium nitrate 

hexahydrate (Ce(NO3)3.6H2O) (with 99.99% purity), Bismuth nitrate pentahydrate  

(Bi(NO3)3·5H2O) (with 98% purity), Ammonium dihydrogen phosphate (NH4H2PO4) 

(with 98% purity). All chemicals were purchased from Alfa Aesar. The solvent ethylene 

glycol was purchased from Merck.  

3.2.2 Preparation of Cerium ions doped Bismuth Phosphate 

In a typical synthesis, the stoichiometric amount of Bi(NO3)3·5H2O was added 

into a round bottom flask containing 70 ml of ethylene glycol. The solution was stirred 

in a magnetic stirrer for 30 minutes. Then, the stoichiometric amounts of NH4H2PO4 and 

Ce(NO3)3.6H2O were added into the above solution and it is refluxed at a temperature of 

160˚C for 2hrs. The solution was then allowed to cool down at room temperature and 

then the precipitate thus formed was washed with distilled water several times and then 

with ethanol. After that, the sample was dried in an oven at a temperature of 80
o
C for 12 

hrs [Naidu et al., (2012)]. Similar process was followed for preparing different doping 

concentrations of Ce
3+

. 

 

3.2.3 Characterizations 

Bruker D2 phaser XRD machine equipped with Cu Kα radiation (λ=1.5406Å, Ni 

filter, 2Ө = 15° to 60° operated at 30kV and 100mA) was used to determine the crystal 

structure of the prepared samples. The vibrational spectra of the prepared sample were 

analyzed using Shimadzu Iraffinity-1s FT-IR spectrometer using KBr as beam splitter. 

Field emission scanning electron microscopy (FESEM) was recorded by Jeol JSM-6390 

in order to see the morphologies of the samples. The absorption band and the 
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photocatalytic activities of the samples were recorded by Jasco V-730 UV-Visible 

spectrophotometer. Hitachi (F-7000) fluorescence spectrophotometer having xenon 

discharge lamp as excitation source was used for the recording of excitation and 

emission spectra. All the measurements were taken at room temperature.  

 

3.2.4 Photocatalytic activity measurement  

Methylene blue was chosen as a target pollutant for evaluating the photocatalytic 

activity of the prepared BiPO4:7at. %Ce
3+ 

because it is one of the most commonly used 

dye in industries, mainly for printing, textiles and leather industries [Mills et al., (2011)]. 

It causes environmental and biological problems [Jalali et al., (2019)]. It also causes 

headache, shortness of breath, high blood pressure to human being [Zhang et al., 

(2013)]. The photocatalytic activity of the prepared BiPO4:Ce
3+ 

(7at. %) sample was 

analyzed through the degradation of methylene blue dye under UV-light irradiation 

(Spectroline E-Series UV lamp with 254nm). The details of the procedure are as follow, 

10 ppm of methylene blue solution was prepared in an aqueous solution. Then 100mg of 

the catalyst was suspended in 100ml of above methylene blue solution. The solution was 

stirred using a magnetic bar for 15 minutes and then kept in the dark place for about 30 

minutes in order to achieve adsorption-desorption equilibrium. Then the solution was 

irradiated by UV light at a wavelength of 254 nm. Every 10 minutes, the absorbance of 

the sample was recorded using UV–Vis spectrophotometer. The discolouration 

efficiency (I %) was calculated using the formula  

I (%) =  
     

  
     

Where, Co isthe initial concentration of the dye and Ct is the concentration of the dye 

after UV-light irradiation at time t. 
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3.3 Results and Discussions 

3.3.1 XRD study 

 

Figure 3.1: a) XRD patterns of the prepared BiPO4:xCe
3+

 (x = 3, 7, 11at. %). b) 

Expanded view of the diffraction peaks in the 2θ range from 26 to 31 which shows the 

deflection of the peak with concentrations. 

 

Figure 3.1(a) shows the XRD patterns of Ce
3+ 

(3, 7 and 11at. %) ions doped 

BiPO4 phosphors. The diffraction peaks of the prepared samples are well-matched with 

the low-temperature monoclinic phase of the BiPO4 according to the JCPDS No. 15-

0767 [Guan et al., (2008)]. The observed diffraction peaks were strong and sharp 

indicating that the prepared samples are well crystallized. Further, no possible impurity 

phases were detected, showing that the prepared samples are crystallized in pure low-

temperature monoclinic phase. Figure 3.1(b) showed the shifting of diffraction peak to 

the higher angle as the concentrations of dopant Ce
3+

 ion increases which is due to the 

smaller size of Ce
3+

 ion (1.07 Å) as compared to Bi
3+

 ion (1.17 Å) [Li et al., (2018); He 

et al., (2016)]. This shifting of diffraction peaks confirmed the successful doping of Ce
3+

 

ions into the interstitial site of BiPO4 [Shannon, (1976); İlhan et al., (2018); İlhan, 



 
 

 

                                                                                                                   Chapter 3 

51 
 

(2017)]. The calculated lattice parameters and cell volumes are shown in table 3.1. It is 

seen that the cell volume is decreased with the increase of Ce
3+

 ion concentration which 

is due to the smaller size of Ce
3+ 

ion as compared to the Bi
3+

 ion. The substitution of Bi
3+

 

ion by Ce
3+

 ion is also supported by the reduction in cell volume. 

 

Table 3.1: Calculated lattice parameters and cell volumes of Ce
3+

 ions doped BiPO4. 

 

3.3.2FT-IR and SEM Image study 

 

Figure 3.2: FT-IR spectrum of BiPO4: Ce
3+

 (7at. %). 

The FT-IR spectrum of BiPO4:Ce
3+

 (7at. %) is shown in figure 3.2. The bands 

observed at 3450 and 1615 cm
−1

 correspond to the stretching and bending vibrations of 

O–H bond that is originated from the adsorbed H2O molecules on the surface of the 

Dopant Ceriumion 

concentrations (atomic  

percentage) 

Lattice parameters Cell volume (V) Å
3
 

a(Å) b(Å) c(Å) 

3 6.754 6.937 6.47 294.465 

7 6.752 6.936 6.469 294.277 

11 6.741 6.934 6.463 293.572 
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sample [Huang et al., (2011); Li et al., (2005)]. The bands observed at 947, 983 and 

1060 cm
−1

 are attributed to the symmetric stretching vibrational modes of O-P–O bond 

and the band observed at 908 cm
−1

 can be assigned to the symmetric stretching 

vibrational mode of O-P-O bond within the PO4
3-

 group [Naidu et al., (2012); Pawlig et 

al., (2001)]. The bands observed at 595, 563, 545 and 526 cm
−1

 correspond to the 

bending vibrational modes of O-P-O linkage [Pawlig et al., (2001)]. All these observed 

bands are the characteristic bands of PO4
3-

 group of a monoclinic structure. So, the 

formation of monoclinic phase is further supported by the above analysis. The rice shape 

morphology of BiPO4:Ce
3+ 

(7at. %) phosphor was observed from SEM image analysis 

and the SEM images of BiPO4:Ce
3+ 

(7at. %) is shown in figure 3.3. 

 

Figure 3.3: SEM image of BiPO4:Ce
3+

 (7at. %). 

 

 

 

 

 

 

https://pubs.rsc.org/en/results?searchtext=Author%3ABoddu%20Sanyasi%20Naidu
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3.3.3 Photoluminescence study 

 

Figure 3.4: PLE spectrum of BiPO4: Ce
3+

 (7at. %) (λemi= 471nm). 

 

Figure 3.4 showed the photoluminescence excitation spectrum of prepared 

BiPO4:Ce
3+

 (7at. %). The excitation spectrum was recorded by monitoring the emission 

wavelength at 471 nm. The spectrum consists of two emission bands centring at 370 and 

417 nm which correspond to 
2
F5/2→5d transitions of Ce

3+
 ion [Wang et al., (2018); 

Singh et al., (2015); Yang et al., (2016)]. 
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Figure 3.5: a) PL spectra of BiPO4:xCe
3+
, (λemi=370nm) (x=1,3,5,7,9,11at. %) b) 

Gaussian fitting of the peak of BiPO4:1at. % Ce
3+

. 

 

Under excitation at the wavelength of 370 nm, a broad emission band extending 

upto 600 nm having maximum at 419 nm was observed which is due to the 5d-
2
F5/2,

 2
F7/2 

allowed transition of Ce
3+

 ion resulted from the coupling of 5d electron with the host 

lattice (as shown in figure 3.5) [Yang et al., (2016); Talewar et al., (2018)]. This broad 

emission band can be split into three different bands at 412, 449 and 526nm by Gaussian 

curve fitting and these bands are resulted due to the transition from ground state to 

different field-splitting 5d levels of Ce
3+

 ions [Pawlig et al., (2001); He et al., (2016); 

Shi et al., (2014)]. However, under excitation at 417 nm, the observed emission band is 

extended from 465 to 480 nm with maximum peak intensity at 471 which is due to the 

5d →
2
F7/2 transition of Ce

3+
 ions and is fall in the blue region of the electromagnetic 

wave (as shown in figure 3.6) [Pawlig et al., (2001)]. Except the photoluminescence 

intensity, there is no significant change in the peak profile with the change of Ce
3+

 ion 

concentration. The photoluminescence intensity was found to increase with the increase 

of Ce
3+

 till it reaches 7at. %. Beyond this concentration, the intensity was found to 
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decrease upon excitation at both the wavelengths 370 and 417 nm. This decreased in the 

photoluminescence intensity beyond 7at. % Ce
3+

 is due to the concentration quenching 

[Katelnikovas et al., (2008)]. This can be explained as the concentration of Ce
3+

 ion 

increases, inter-ionic distances between the Ce
3+

 ions decreases. When the inter-ionic 

distances among Ce
3+ 

ions are lower than the critical distance, the non-radiative energy 

transfer among the Ce
3+

 ions increased. This results in the quenching of emission 

intensities [Singh et al., (2018)]. 

 

 

Figure 3.6: PL spectra of BiPO4:xCe
3+
, (λemi=417nm) (x=1, 3, 5, 7, 9, 11at. %). 

 

3.3.4 Optical property study 

The absorption spectra of BiPO4: Ce
3+ 

(7at. %) is shown in figure 3.7 (a). The 

figure showed that the absorption band is extended in a wide range from UV to visible 

with maximum absorption in the UV region which indicates that the sample can use as a 

photocatalyst under UV-light irradiation. The energy band gap was determined using the 

formula for optical absorption:  

αhν = A(hν-Eg)
n/2

 

Where α is the absorption co-efficient, h is the Planck's constant, ν is the photonic 

frequency, A is the constant relative to the material, Eg is the absorption energy gap and 
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n depends on the type of transitions ( for direct transition, n=1 and for indirect transition, 

n=4). As BiPO4 exhibits indirect transition, the absorption energy band-gap is 

determined by extrapolating the linear portion of the plot of (αhν)
0. 5

Vs hνand it is shown 

in figure 3.7 (b) [Pan and Zhu (2010)]. The estimated energy band gap was found to be 

3.81eV. This observed energy band gap is almost the same as that reported in the 

literature [Xu et al., (2013)]. 

 

 

Figure 3.7: a) Absorbance spectra of BiPO4:7 at. % Ce
3+

 b) Band-gap of BiPO4:7at. % 

Ce
3+

 calculated using Tauc plot. (α - absorption co-efficient, h – Planck’s constant, v - 

photonic frequency, Eg - absorption energy gap, eV – electron volts). 

 

3.3.5 Photocatalytic activity study 

The photocatalytic activity of the prepared BiPO4:Ce
3+

 (7at. %) was examined 

through the degradation of methylene blue dye under UV-irradiation. Figure 3.8 shows 

the absorbance spectra of methylene blue dye at different time intervals. It was reported 

that methylene blue dye doesn’t degrade itself [Hou et al., (2018)]. However, with the 

addition of the prepared catalyst, the absorption spectrum was significantly decreased. 

The absorbance was recorded every 10 minutes and after 120 minutes of UV light 

irradiation, 90% of the dye was degraded. On irradiation under UV light, the 
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photogenerated electrons are introduced in the conduction band and photogenerated 

holes are produced in the valence band which is responsible for the degradation of 

methylene blue dye [Chang et al., (2018)]. The electrons in the conduction band of 

BiPO4 adsorbed O2 from the water molecule and formed O2
−•

, while the holes in the 

valence band interact with absorbed H2O molecules to form hydroxyl radicals. The 

O2
−•

and OH
•
 decomposed Methylene blue to CO2 and H2O [Lu et al., (2015)]. From this 

investigation, it is believed that the prepared sample may have potential application in 

degrading the colouring organic dyes present in waste-water. 

 

Figure 3.8: Photodegradation of Methylene blue under UV-light irradiation using 

BiPO4:7at. % Ce
3+

. 

 

3.3.6 Kinetics study 

The kinetics involving the rate of degradation of methylene blue under UV-light 

irradiation was discussed. The order of the reaction was calculated by plotting a graph 

between ln [Ct] vs time, where Ct is the concentration of the dye at time t. The graph 

exhibited a negative slope which confirmed the reaction followed a first-order kinetic 

figure 3.9(a). Further, ln [Co/Ct] vs time graph was plotted as shown in figure 3.9(b) 

which showed that the degradation of methylene blue followed first-order Langmuir-
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Hinshelwood kinetics model and pseudo first-order kinetics equation is given below 

[Naciri et al., (2019)] 

ln(Co/Ct)=kt 

Where Co and Ct represent the initial concentration of methylene blue and final 

concentration of methylene blue at time t respectively, k represents the first-order kinetic 

rate constant and t is the time. The rate constant was calculated and found to be 2.56395 

× 10
-2

 min
-1

.  

 

Figure 3.9: a) Plot of ln[Co] Vs Time in minutes b) Linear transform ln(Co/Ct) Vs Time 

in minutes of the kinetic curves of Methylene blue degradation. (ln – natural logarithm, 

Co – initial concentration, Ct – concentration at time t). 

 

3.4 Conclusions 

BiPO4:xCe
3+

 (x=1,3,5,7,9,11) phosphors were synthesized successfully by co-

precipitaion method using ethylene glycol as reaction medium as well as capping agent. 

The prepared phosphors were characterized by XRD, UV-Vis spectroscopy, SEM and 

PL. Low-temperature monoclinic phase of the prepared phosphors was confirmed from 

XRD analysis. The prepared phosphors were found to have rice shape morphology. The 
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PL study showed a broad emission band extending from blue to green region upon 

excitation at 370 nm. The optimum concentration of Ce
3+

 was found to be 7at. %. 

Photocatalytic analysis of BiPO4:Ce
3+ 

(7at. %) sample revealed that 90 % of the dye 

methylene blue could be degraded within 120 minutes of UV light irradiation. From the 

results, it is concluded that the prepared samples may have potential applications in 

lighting as well as photocatalysis for the degradation of organic dyes. 
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CHAPTER-4 

Photoluminescence properties of Tb
3+

 doped BiPO4 nanophosphor synthesized 

by co-precipitation method using ethylene glycol 

4.1 Introduction 

Nanotechnology is one of the fastest-growing technologies in this modern era and 

it has been becoming an important tool for manufacturing advanced materials. Nano-

sized materials exhibited unique physical and chemical properties rather different from 

counterpart bulk materials because of their smaller size, large surface area to volume 

ratio, a large number of loosely bound bonds and unsaturated atoms on the surface 

[Guisbiers et al., (2012); Hong, (2019)]. In addition to this, they also have advantageous 

features such as reduced scattering of light, surface defect concentration etc. [Hong, 

(2019); Khan et al., (2017)]. Moreover, quantum dots or nanomaterials in which sizes 

less than 10nm are becoming a hot area of research owing to their outstanding optical 

and physico-chemical properties and their wide range of applications [Joshi et al., 

(2018); Jia and Misra (2013)]. In the past few decades, ZnO, TiO2 and CuO 

nanoparticles are widely studied because of their excellent performance in the fields of 

photocatalysis, sensors, quantum dots, biomedicals etc. [Jayaprakash et al., (2020); 

Depan and Misra (2014); Venkatasubramanian et al., (2013); Gao et al., (2016)]. 

 

It has been found that rare-earth ion-doped inorganic phosphor materials have 

applications in various kinds of fields, including solid-state physics, photochemistry, 

biophysics, etc. [Naorem et al., (2020); Singh et al., (2020); Selvin, (2002)]. These 

materials consist of two components: host material and activator, rare earth ion acts as 

activator ion [Xu et al., (2015)]. Among the various host materials, phosphate based 

materials have been attracted as one of the best hosts due to their high physico-chemical 

and thermal stability [Shi et al., (2015); Hou et al., (2019)]. Among phosphate family, 

BiPO4 has several interesting properties such as high absorption edge, high stability in 

terms of chemical and mechanical stability, as well as the ionic size of Bi
3+

 is

https://pubs.rsc.org/en/results?searchtext=Author%3AShuchao%20Xu
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Similar to that of lanthanide ions [Roming and Feldmann (2009); Naidu et al., (2012)] 

and it also has many potential applications in different fields such as ion sensing, 

catalysis, radioactive element separation etc. [Charyulu et al., (2002); Zhang et al., 

(2020)]. In addition, BiPO4 can be crystallized in three different crystallographic forms: 

Hexagonal, low-temperature monoclinic and high-temperature monoclinic. In hexagonal 

structure, Bi
3+

 ion is surrounded by eight oxygen atoms, whereas in case of monoclinic 

phase, Bi
3+

 ion is surrounded by nine oxygen atoms [Naidu et al., (2012)]. The 

luminescent property of a phosphor is strongly dependent on its phase structure and 

many researchers have reported that low-temperature monoclinic structure of  BiPO4 

exhibits the strongest luminescent property in comparison with other phases in case of 

BiPO4 [Naidu et al., (2012); Naorem et al., (2020)].   

 

In lanthanide ions doped luminescent materials, the luminescence property is 

generally originated from the electronic transition within the 4f electrons of doping 

lanthanide ions and since the 4f electrons of rare-earth ion are shielded by 6s and 5p 

orbitals, the f-f electronic transition of rare-earth ions is not influenced by the outside 

environment thereby producing sharp absorption and emission bands. Doping of 

different rare-earth ions into the host lattice exhibited different emission colours.  For 

example, Ce
3+

 ion normally emits blue colour, Eu
3+

 exhibits red colour and Sm
3+

 

exhibits orange colour [Xia et al., (2018); Xia et al., (2020); Cybinska et al., (2016); 

Huang et al., (2019)]. Trivalent terbium ion generally gives green colour due to the 

5
D4→

7
F5 electronic transition of Tb

3+
 ion [Huang et al., (2019)], and it has potential 

applications in various fields including traffic signal, decoration, lighting and display 

etc. Moreover, it is one of the components of white light. Therefore, the present study 

investigated the luminescence property of Tb
3+

 ion-doped BiPO4 synthesized by co-

precipitation method using ethylene glycol as a reacting medium. Since the 

luminescence property is strongly influenced by the concentration of doping ion, the 

effect of Tb
3+

 ion concentration has been investigated to get optimum emission and the 
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effect of annealing temperatures on the photoluminescence property were also discussed 

in this chapter.  

 

4.2 Experimental details 

4.2.1 Sample preparation 

For the synthesis of BiPO4:Tb
3+

 phosphors, the chemicals used were Terbium 

nitrate hydrate (Tb(NO3)3.xH2O) with 99.99% purity (Alfa Aesar), Bismuth nitrate 

pentahydrate (Bi(NO3)3·5H2O) with a purity of 98% (Alfa Aesar), Ammonium 

dihydrogen phosphate (NH4H2PO4) of 98% purity (Alfa Aesar) and the solvent ethylene 

glycol (Merck). The typical synthesis steps are given as follows; first, the stoichiometric 

amounts of Bi(NO3)3·5H2O was mixed with 70 mL of ethylene glycol in a round bottom 

flask. Stoichiometric amounts of NH4H2PO4 and Tb(NO3)3.xH2O were added to the 

above solution. The solution was then refluxed at a temperature of 160˚C for 2 hrs. The 

white precipitate thus obtained was centrifuged, washed with distilled water or about 4-5 

times and then finally with acetone. The sample was dried in an oven at a temperature of 

80˚C for 12 hrs. The same procedure was followed for preparing different doping 

concentrations of Tb
3+

 ions. The effect of annealing temperatures on photoluminescence 

property was studied by annealing BiPO4:3at. % Tb
3+

 at 400
o
C, 600

o
C, 800

o
C and 

1000
o
C. 

 

4.2.2 Characterization of the samples 

The prepared samples were characterized by different characterization techniques. 

The crystal structure and the phase composition of the prepared samples were 

determined using Bruker D2 phaser XRD with Cu Kα radiation (λ = 1.5406 A, Ni filter, 

2θ=15°-60° operated at 30 kV and 100 mA) and Bruker (eco D8, Advance) employing 

Cu Kα radiation. Shimadzu Iraffinity-1s FT-IR spectrometer was used for recording the 

vibrational spectra. Field emission scanning electron microscopy (FESEM) image was 

recorded by FEI Quanta 200 3D to see the morphology of the sample. JEOL JEM-2100, 

Transmission Electron Microscope operating at 200 kV was used for studying the shape 
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and size of the materials. The photoluminescence excitation spectra, emission spectra 

and decay time were recorded by Horiba FluoroMax-4CP Spectrofluorometer with 

150W xenon lamp and 25W μsec flash lamp as excitation light sources and Hitachi (F-

7000) fluorescence spectrophotometer having xenon discharge lamp as excitation 

source. All the measurements were performed at room temperature.  

 

4.3 Results and Discussions  

4.3.1 XRD study 

 

Figure 4.1: a) XRD patterns of the prepared undoped BiPO4 b) XRD patterns of the 

prepared BiPO4:xTb
3+

 (x = 0.5, 3, 7at. %), c) XRD patterns of 600
o
C, 800

o
C and 1000

o
C 

annealed  samples (2 hrs) of BiPO4:Tb
3+

 (3at. %). d) Expanded view of the diffraction 

peaks in the 2θ range from 28.6 to 29.8 of figure 4.1(b) which shows the deflection of 

the peak with concentrations. 
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The XRD patterns of the prepared undoped BiPO4 and 0.5, 3 and 7at. % of Tb
3+

 

ions doped BiPO4 nanophosphors are shown in figures 4.1(a) and 4.1(b) respectively. 

The XRD patterns of both doped and undoped BiPO4 nanophosphors showed low-

temperature monoclinic phase according to JCPDS card no. 15-0767 [Guan et al., 

(2008); Gao et al., (2016)]. The diffraction peaks are sharp and well defined, revealing 

that the phosphors are well crystallized in pure low-temperature monoclinic phase. No 

impurity peaks were detected in the XRD patterns of concentrations of 0.5 and 7at. % 

while peak due to impurity was detected at 2θ degree around 20 degree in the pattern of 

3at. % Tb
3+

 doped BiPO4 and undoped BiPO4 nanophosphors. The diffraction plane 

(120) is shifted toward the higher angle (as shown in figure 4.1(d)) with the increase of 

Tb
3+

 ion doping concentration which is because of the substitution of larger size Bi
3+

 

(1.15Å) by smaller size Tb
3+

 (1.01Å)  [Li et al., (2018), Singh et al., (2018)]. The 

calculated unit cell volume decreased with an increase of Tb
3+

 ion concentration. From 

these above results, it is indicated that the dopant Tb
3+

 ion has been successfully doped 

into the BiPO4. The calculated lattice parameters, cell volume along with average 

crystallite sizes are provided in Table 4.1.  Figure 4.1(c) showed the XRD spectra of 

600
o
C, 800

o
C and 1000

o
C annealed samples (3at. % Tb

3+
 doped BiPO4). The diffraction 

patterns of the samples annealed at 600
o
C and 800

o
C were found to be in low-

temperature monoclinic phase according to JCPDS card no. 15-0767 indicating that the 

phase structure of the samples remain unchanged even upto 800
o
C while the sample is 

annealed at 1000
o
C, there occurred a change in phase structure from low-temperature 

monoclinic phase to high-temperature monoclinic phase according to JCPDS card no. 

43-0637 [Zhao et al., (2013)]. 
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Table 4.1: Calculated lattice parameters, cell volumes and crystallite sizes of undoped 

BiPO4 and Tb
3+

 ions doped BiPO4. 

 

 

The average crystallite size was calculated using the Scherrer equation 

D = 0.9λ/βcos θ 

Where, D represents the crystallite diameter, λ is the incident x-ray wavelength 

which has a value of 1.5406 Å, β is the full width at half maximum and θ represents the 

angle of diffraction.  

 

4.3.2 FT-IR spectroscopy and SEM study 

 

Figure 4.2: FT-IR spectra of a) undoped BiPO4 and BiPO4: Tb
3+

 (3at. %), b) annealed 

samples at 600
o
C and 1000

o
C. 

Tb
3+ 

ion 

doping 

concentrations 

(atomic  

percentage) 

Lattice parameters Cell 

volume 

(V) Å
3
 

Crystallite size 

(nm) a(Å) b(Å) c(Å) 

0 6.801 6.795 6.392 290.584 30.45 

0.5 6.790 6.793 6.390 290.250 28.29 

3 6.777 6.695 6.386 289.602 20.70 

7 6.770 6.691 6.382 289.158 25.02 
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Figure 4.2 showed the FT-IR spectrum of undoped BiPO4, BiPO4:Tb
3+

 (3 at. %) 

and annealed samples of BiPO4:Tb
3+

 (3 at. %) at 600
o
C and 1000

o
C for 2hrs. The peaks 

centring at around 1570 and 3550 cm
-1

correspond to the bending and stretching 

vibrations of adsorbed water molecules [Xue et al., (2009); Singh et al., (2019)]. The 

peak observed at around 2360 cm
-1

 is ascribed to the ν3 anti-symmetric stretching mode 

of CO2 molecule adsorbed from the atmosphere [Iskra et al., (2017)]. The bands 

observed in the range of 400 cm
-1

 and 1100 cm
-1

 are the characteristic bands of PO4
3-

. 

The bands observed at 937, 960 and 991 cm
-1

 are ascribed to the stretching symmetric 

vibrations (v1) of O-P-O linkage, whereas the bands observed at 545, 561, and 607 cm
-1

 

are attributed to the bending vibrations of O-P-O linkage [Xue et al., (2009), Pawlig et 

al., (2001)]. These observed bands are the characteristic bands of PO4
3-

 group in low-

temperature monoclinic structure. So the formation of low-temperature monoclinic 

structure in the sample was supported by this FTIR study. No significant change in the 

FT-IR spectra of undoped BiPO4 and BiPO4:Tb
3+

 (3 at. %) was observed. This may be 

due to very low doping concentration of Tb
3+

. While in case of annealed samples, the 

FT-IR peaks are more sharper than the unheated sample. No significant change in the 

peaks was noticed. But, for the sample which was annealed at 1000
o
C, the FT-IR peaks 

in the range of 900 cm
-1

 to 1100 cm
-1

 are becoming complicated which indicated the 

change of phase structure from low-temperature monoclinic phase to high-temperature 

monoclinic phase [Zhao et al., (2013)]. The field emission scanning electron 

microscopic image is used to examine the morphology of samples. The FESEM image 

of the synthesized BiPO4:Tb
3+

 (3at. %) is shown in figure 4.3. It is seen that there is no 

clear shape observed and the particles have existed as agglomeration.  
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Figure 4.3: FESEM image of BiPO4: Tb
3+

 (3at. %). 

 

4.3.3 TEM Study 

 

Figure 4.4: TEM image of BiPO4:3at. % Tb
3+

 at a) low resolution b) high resolution. 

 

4.4(a) and 4.4(b) showed TEM images of BiPO4:3at. % Tb
3+

 at low and high 

resolutions respectively. It is seen from the figure that BiPO4:3at. % Tb
3+ 

exhibited 

hexagonal in shape with crystallite sizes ranges from 8-20nm. SAED and HRTEM 

images of BiPO4:3at. % Tb
3+ 

were shown in figure 4.5(a) and 4.5(b) respectively. SAED 

pattern was exhibiting dotted bright spots which show the well crystalline nature of the 
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phosphor. From the HRTEM image, a well separation of the inter-planar lattice fringes 

was noticed which confirmed the formation of highly crystalline phosphors. The lattice 

distances between the two fringes were found to be 3.16Å, 3.37Å, 2.68Å which 

correspond to (200), (110), (102) diffraction peaks of the XRD pattern respectively 

[Singh et al., (2019)].  

 

 

Figure 4.5: a) SAED image of BiPO4:3at. % Tb
3+

 b) HRTEM image of BiPO4:3at. % 

Tb
3+

. 

 

 

Figure 4.6: TEM image of BiPO4:3at. % Tb
3+ 

(annealed at 800
o
C) at a) low resolution b) 

high resolution. 
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The TEM images of BiPO4:3at. % Tb
3+

 annealed at 800
o
C with different 

resolutions were shown in figures 4.6(a) and 4.6(b) respectively. It showed hexagonal 

shape morphology having sizes range from 10-70nm. SAED and HRTEM images 

showed a well crystalline nature of the synthesized phosphors as shown in figures 4.7(a) 

and 4.7(b) respectively.SAED pattern exhibited dotted bright spots which revealed the 

well crystalline nature of the phosphor. Separation of inter-planar lattice fringes was 

noticed well in HRTEM image, indicating the crystalline nature of the phosphors. The 

lattice distance was found out to be 3.51Å which corresponds to (111) of the diffraction 

peak in XRD pattern of BiPO4:3at. % Tb
3+

 annealed at 800
o
C. The formation of 

hexagonal shape morphology was also clearly seen in HRTEM image. 

 

 

Figure 4.7: a) SAED image of BiPO4:3at. % Tb
3+

 (annealed at 800
o
C)b)HRTEM image 

of BiPO4:3at. % Tb
3+

 (annealed at 800
o
C). 
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4.3.4  Photoluminescence study: 

 

Figure 4.8: PLE spectra of a) BiPO4:x Tb
3+

 (x = 0.5,1,3,5,7at. %), b) Annealed at 800
o
C 

of 3at. % Tb
3+

 doped BiPO4 sample. (λemi = 544 nm). 

 

The photoluminescence excitation spectra of different doping concentrations of 

Tb
3+

 into BiPO4 and annealed at 800
°
C of 3at. % Tb

3+
 doped BiPO4 samples are shown 

in figures 4.8(a) and 4.8(b) respectively. The spectra (both 4.8(a) and 4.8(b)) were 

measured with the emission wavelength of 544 nm. The spectra (both 4.8(a) and 4.8(b)) 

consist of a broad band at 285 nm originated from the 
1
S0→

1
P1 electronic transition of 

Bi
3+

 ion [Li et al., (2017)] and sharp bands due to the electronic transitions within the 4f 

energy levels of doping Tb
3+

 ion. These sharp bands are observed at 377, 369, 351, 340 

and 318 nm and they can be ascribed to the 4f electronic transitions such as 
7
F6→

5
G6, 

7
F6→

5
L10, 

7
F6→

5
L9, 

7
F6→

5
L8 and 

7
F6→

5
H7 of Tb

3+
 ion respectively [Yan, (2015); 

Lakshminarayana et al., (2015)]. Bi
3+

 can also have an electronic transition i.e. 
1
S0→

3
P1 

at 351 nm [Li et al., (2017); Kaur et al., (2014)]. Hence the excitation peak observed at 

351 nm may be attributed to the overlapping of 
1
S0→

3
P1 transition with f-f transition of 

Tb
3+

 ion. As the peak due to 
7
F6→

5
L9 transition is stronger in terms of intensity than the 

other excitation peaks, the emission spectra of all the samples were measured with the 

excitation wavelength of 351 nm. Figure 4.9(a) shows the emission spectra of BiPO4 

nanophosphors doped with different concentrations of Tb
3+

 ion. The spectra consist of a 

broad band with maximum at 419 nm and four sharp peaks centring at 488, 544, 582 and 
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620 nm, this broad band at 419 nm is due to the electronic transition from 
3
P1→

1
S0 of 

Bi
3+

 ion [Kaur et al., (2014); Lee et al., (2018)] and the sharp peaks are attributed to the 

5
D4→

7
F6, 

5
D4→

7
F5, 

5
D4→

7
F4 and 

5
D4→

7
F3 transitions of Tb

3+
 ion respectively [Yang et 

al., (2016); Gayatri and Singh (2013)]. It is also known that Bi
3+

 ion exhibited emission 

band in the wavelength range between 450 to 650 nm [Scarangella et al., (2019); Pan et 

al., (2020)]. Therefore the emission band observed from 450 to 650 nm may be due to 

the overlapping of emissions from Tb
3+

 ion and Bi
3+

 ion. With the increase of Tb
3+

 ion 

doping concentration, the emission band at 419 nm originated from Bi
3+

 ion is found 

attenuated and the emission band at 544 nm originated from Tb
3+

 ion was found 

increased. Further, the emission intensity is attenuated beyond 3at. % of Tb
3+

 ion doping 

concentration, it is due to the concentration quenching effect. So, the optimum 

concentration of Tb
3+

 is found to be 3 at. %. Due to the increase in the concentration of 

Tb
3+

 ion, the inter-ionic distance between the Tb
3+

 ions decreased. When the distance is 

lower than its critical distance, non-radiative energy transfer among the doped Tb
3+

 takes 

place which leads to attenuation of emission intensity [Chen et al., (2015)]. The 

photoluminescence emission profile of as-prepared (3at. % Tb
3+ 

doped BiPO4), and the 

samples annealed at 400
o
C, 600

o
C, 800

o
C, 1000

o
C monitored at λexci=351nm are 

demonstrated in figure 4.9(b). There occurred no change in the emission peaks profile of 

Tb
3+

 doped BiPO4 except their emission intensities. The emission intensity was observed 

accentuated with increase of annealing temperature upto 800
o
C then decreased when it 

reached 1000
o
C. This increased in emission intensity upon annealing upto800

o
C is due 

to the increase in their crystallinity and also decreased in the number of quenchers like 

OH groups present on the surface of nanophosphors [Luwang et al., (2010)]. This result 

is also in concurrence with the FT-IR spectra depicted in figure 4.3(b). The optimum 

emission intensity was achieved for the sample which was annealed at 800
o
C. For 

1000
o
C annealed sample, the emission intensity decreased due to the change of their 

phase structure from low-temperature monoclinic phase to high-temperature monoclinic 

phase shown in XRD pattern figure 4.1(c). 
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Figure 4.9: PL spectra of a) BiPO4:xTb
3+
, (λexci = 351 nm) (x = 0.5,1,3,5,7at. %), b) 

BiPO4:3at. % Tb
3+

 annealed at 400
o
C, 600

o
C, 800

o
C, 1000

o
C, (λexci = 351 nm). 

 

4.3.5 Lifetime study 

 

 

Figure 4.10: Photoluminescence decay curve of BiPO4:xTb
3+

 with bi-exponential 

fitting(x = 0.5,1,3,5,7at. %). 

 

The luminescence decay curves of the prepared Tb
3+

 ion-doped BiPO4 

nanophosphors have been evaluated. The decay curves were measured by fixing the 
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excitation and emission wavelengths at 351 and 544 nm respectively for all the 

concentrations. The measured decay curves are shown in figure 4.10. All the observed 

decay curves are well fitted by using bi-exponential equation [Devi et al., (2014)]. 

I = I1exp(−t/τ1) + I2exp(−t/τ2) 

Here I1 and I2 represent the intensities at two different time intervals and τ1 and τ2 

represent their corresponding decay times. The decay behaviour for bi-exponential curve 

fitting of a phosphor lies on a) non-homogeneous distribution of dopant ions into the 

host lattice b) energy transfer from donor atom and c) defects present in the host and the 

presence of impurity [Sharma and Singh (2013)]. The average decay time can be 

evaluated by using the following equation 

τave = (I1τ1
2
 + I2τ2

2
)/( I1τ1 + I2τ2) 

The calculated average lifetime for the Tb
3+

 concentrations of 0.5, 1, 3, 5 and 7% 

are found to be 1.31, 1.49, 1.56, 1.76, and 1.83 ms respectively and their goodness of 

fitting (R^2) for the above concentrations is 0.99958, 0.99978, 0.99994, 0.99972 and 

0.99969 respectively. These obtained lifetime values are in agreement with those 

reported in the literatures [Naidu et al., (2012), Xu et al., (2014)]. And the parameters 

involved in the lifetime study are listed in Table 4.2. 

 

Table 4.2: Parameters involved in the lifetime study of Tb
3+

ions doped BiPO4. 

Sample y0 I1 τ1 I2 τ2 

0.5at. % Tb
3+

 5446.102 148804.387 1.59449 250764.978 0.24823 

1at. % Tb
3+

 4920.868 118326.036 0.24715 242288.363 1.71372 

3at. % Tb
3+

 5364.018 512514.805 1.56957 145013.291 0.35325 

5at. % Tb
3+

 10654.841 228505.424 0.25884 279435.395 1.93152 

7at. % Tb
3+

 5352.537 113296.454 0.23191 137220.138 1.98890 
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4.3.6 CIE study 

 

Figure 4.11: CIE chromaticity diagrams of a) BiPO4:xTb
3+

 nanophosphors. (x = 0.5, 1, 

3, 5 and 7at. %), b) as prepared, 400
°
C, 600°

o
C, 800

o
C and 1000

o
C annealed samples. 

 

The Commission International de L’Eclairage (CIE) chromaticity diagram reveals 

the co-ordinates that are very useful in determining the perceived colour of the emission 

of a phosphor [Singh et al., (2018), Sharma et al., (2014)]. The calculated colour co-

ordinates from the emission spectra and their corresponding co-related colour 

temperature are given in Table 4.3. The co-related colour temperatures (CCT) for Tb
3+

 

ions doped BiPO4 were calculated by using McCamy’s equation [Du et al., (2016), 

Ryadun et al., (2020)]: 

CCT = -437n
3
 + 3601n

2
 - 6861n + 5514.31 and n = (x-xe)/(y-ye), 

Where x and y represent the calculated colour co-ordinates. The CIE chromaticity 

diagrams for the prepared BiPO4 doped with different concentrations of Tb
3+

 ion and for 

the samples annealed at 400
°
C, 600

o
C, 800

o
C and 1000

o
C upon excitation at 351 nm 

were shown in figure 4.11(a) and 4.11(b) respectively. This diagram showed that the 

prepared samples emit nearly white colour under excitation at 351nm while the annealed 

samples showed cyan colour emissions. 
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Table 4.3: CIE chromaticity coordinates and CCT of the BiPO4:Tb
3+

 nanophosphors 

upon excitations at 351 nm. 

% of Tb
3+

 doped into  

BiPO4 lattice 

x y CCT 

0.5 0.36 0.38 4601 

1 0.32 0.36 6007 

3 0.27 0.34 8886 

5 0.35 0.38 4912 

7 0.33 0.36 5596 

As prepare 0.24 0.26 1700 

400
o
C 0.20 0.23 2284 

600
o
C 0.21 0.35 4281 

800
o
C 0.22 0.36 3887 

1000
o
C 0.19 0.22 3489 

 

4.4 Conclusion 

In conclusion, low-temperature monoclinic structure of Tb
3+

 doped BiPO4 

nanophosphors have been prepared successfully by co-precipitation method using 

ethylene glycol as reaction medium. The phase structure of the sample changed from 

low-temperature monoclinic phase to high-temperature monoclinic phase upon 

annealing at 1000
o
C. TEM analysis showed the formation of hexagonal shape 

morphology of the prepared nanophosphors. Photoluminescence analysis revealed the 

typical emission spectra of Tb
3+

 with maximum emission intensity at 544 nm due to 
5
D4-

7
F5 under excitation at 351 nm. The optimum concentration of Tb

3+
 was found to be at 

3at. %. Beyond this concentration, the emission intensity decreases as a result of 

concentration quenching effect. The emission intensity of 3at. % Tb
3+

 doped BiPO4 

increased with increase of annealing temperature upto 800
o
C. At 1000

o
C annealing 

temperature, the emission intensity becomes attenuated due to the change of phase 

structure from low-temperature monoclinic phase to high-temperature monoclinic phase. 

From the CIE diagram, it is observed that the prepared nanophosphors emitted to nearly 

white colour whereas the annealed samples exhibited an emission of cyan colour. These 

results revealed that the prepared nanophosphors may have potential applications in the 

fields of lighting, displays and other optical devices etc. 
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Chapter 5 

Synthesis, Characterization and Photoluminescence properties of Eu
3+

 ions doped 

BiPO4 nanophosphors 

5.1 Introduction  

 In the last few years, research on wLED is becoming a hot area of research 

owing to its high efficiency, low energy consumption, long lifetime etc. [Xiang et al., 

(2019); Luo et al., (2016); Bidikoudi et al., (2018)]. With this regard, a number of 

researches have been approached for producing wLED. For example, a combination of 

yellow YAG:Ce
3+

 material with blue chips have been used commercially [Xia and 

Meijerink (2017)]. Nevertheless, it has so many disadvantages due to its low colour 

rendering index (CRI) and high co-related colour temperature (CCT) [Wang et al., 

(2015)]. Further, a new type of wLED which is composed of blue, green and red light 

materials excited by near UV light has been introduced. These materials have good CRI 

and exhibited a stable colour [Chen et al., (2016)]. Red emitting materials have been 

attracted the interest of many researchers as it is one of the major components of white 

light and moreover, the number of commercially available red phosphor materials are 

very few compared to green and blue phosphors. So, exploring materials exhibiting red 

emission colour which show stable photoluminescence property with good colour purity 

and low cost is much desirable for wLED. 

 

 In search of red colour emission phosphors in which the electrons can be pumped 

up using near UV light, Mn
4+

 ion-doped oxides/fluorides red phosphors or nitride based 

red phosphors seem to be promising candidates while they are less favourable because of 

their high cost and low luminous efficiency [Pust et al., (2014); Xie et al., (2011); Jiang 

et al., (2014); Wang et al., (2016); Zhang et al., (2017)]. Moreover, Mn
4+

 ion-doped 

oxides phosphors are thermally unstable as well as they are easily degradable in high 

humidity conditions [Chen et al., (2016)]. The optimal red phosphor material which can 

be used for wLED exhibiting high colour purity, high quantum efficiency etc., normally
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has a narrow emission band. In this respect, Eu
3+

 ion-doped phosphor materials will be 

of wise choice as these materials are exhibiting high luminescence properties, strong red 

emission, long lifetime and they produced narrow emission band resulting from 4f-4f 

transitions [Zhang et al., (2017); Zukauskas et al., (2008); Seo, (2014); Xu et al., (2014); 

Geng et al., (2013)]. The 4f-4f electronic transition can be affected by local Eu
3+

 

symmetry and hence they are used as a structural probe for studying crystallographic 

sites [Morozov et al., (2013)]. Moreover, Eu
3+ 

emission is suitable for display devices 

producing a high purity red emission colour and hence Eu
3+

 doped Y2O2S and 

(Y,Gd)VO4 phosphors are even used commercially by producing a stable luminescence 

property but there is still limitation for these materials as they showed low energy 

efficiency compared to other blue and green phosphors [Huang et al., (2007); Pust et al., 

(2014); Xin  et al., (2015)]. Hence choosing a good host for doping lanthanide ion is still 

fascinating. 

 

 On the other hand, phosphate based phosphors have been paid more attention due 

to their strong absorption in UV region and they also have high chemical and thermal 

stability and relatively low cost [Xin et al., (2018); Wu et al., (2010)]. Moreover, they 

have a wide variety of applications such as plasma display panels (PDPs), luminescence 

host, photocatalysis, sensors etc. [Verma and Baghel (2017); Lin et al., (2010); Gao et 

al., (2018)]. As a part of phosphate family, BiPO4 is considered as one of the best host 

for lanthanide ion doping owing to their several attractive properties such as high 

chemical and mechanical stability, high adsorption edge, their similarity in ionic sizes 

with the lanthanide ions etc. and they are applicable in various fields like lighting, 

supercapacitor, biomedical etc. [Roming and Feldmann (2009); Naidu et al., (2012); 

Sahu and Mula (2019); Vadivel et al., (2016); Shahbazi et al., (2020)]. BiPO4 

crystallizes in three different crystallographic forms namely hexagonal, low temperature 

monoclinic and high-temperature monoclinic phases [Naidu et al., (2012); Zhao et al., 

(2013)]. Normally, the hexagonal phase of BiPO4 is obtained at low temperature below 

400
o
C whereas, low-temperature monoclinic phase and high-temperature monoclinic 
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phase are obtained at higher temperature such as 600
o
C and above 800

o
C respectively 

[Naidu et al., (2012)]. Hexagonal and monoclinic phases differ in their co-ordination 

number of Bi
3+

 ion. Bi
3+

 ions in hexagonal phase are being surrounded by eight oxygen 

atoms forming square anti-prism geometry while the Bi
3+

 ions in monoclinic phase are 

co-ordinated by nine oxygen atoms similar to the monazite structure of lanthanide 

phosphate [Naorem et al., (2020)]. Hexagonal phase is associated with water molecules 

and forms an open framework structure as BiO8 polyhydra, PO4 tetrahedra with zeolitic 

water molecules arranged in a symmetrical chain parallel to c-axis. While in monoclinic 

phase, the chains are asymmetrically arranged and hence space-filling compact networks 

are formed. When it comes to luminescence, BiPO4 has a unique feature as Bi
3+

 ion 

itself acted as a sensitizer for dopant lanthanide ions [Arunkumar et al., (2012); Yaba et 

al., (2020)]. 

 The pH, capping agents and synthesis methods played an important role in 

controlling the morphology of a nanophosphor. The morphology of a nanophosphor 

changed as the above mentioned conditions of the reaction medium are changed and 

consequently affect the luminescence property of a nanophosphor. Hence, Eu
3+

 ion 

doped BiPO4 nanophosphors were synthesized by co-precipitation method and the 

photoluminescence properties resulted due to different doping concentrations of Eu
3+

 

ions, the effect of different annealing temperatures, the effect of different pH and lastly 

the effect of different concentrations of CTAB of the reaction medium were discussed in 

this chapter. 

 

5.2 Experimental details 

5.2.1 Materials and methods 

The materials used for the synthesis of BiPO4:Eu
3+

 phosphors are Europium nitrate 

hexahydrate (Eu(NO3)3.6H2O) with 99.99% purity (Alfa Aesar), Ammonium dihydrogen 

phosphate (NH4H2PO4) of 98% purity (Alfa Aesar), Bismuth nitrate pentahydrate 

(Bi(NO3)3·5H2O) with purity of 98% (Alfa Aesar), and the solvent used is ethylene 

glycol (Merck). The synthesis procedures are as follows, the stoichiometric amounts of 
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Bi(NO3)3·5H2O was mixed with 70 ml of ethylene glycol in a round bottom flask. 

Stoichiometric amounts of NH4H2PO4 and Eu(NO3)3·6H2O were added into the above 

solution. The solution was then refluxed at a temperature of 130˚C for 2 hrs. The white 

precipitate thus obtained was centrifuged, washed with distilled water for about 4-5 

times and then finally washed with acetone. The sample was dried in an oven at a 

temperature of 80˚C for 12hrs. Different doping ion concentrations of Eu
3+

 were 

prepared using the same procedure. BiPO4:8at. % Eu
3+

 phosphors were synthesized at 

0.5, 1, 3, 6 and 10mM concentrations of CTAB using the same procedure. 8at. % Eu
3+

 

ion doped BiPO4 were also prepared at different pH and the pH of the reaction medium 

was adjusted using NaOH and HCl. In order to see the effect of annealing temperatures, 

BiPO4:8at. % Eu
3+

 was annealed at 500
o
C, 600

o
C, 700

o
C and 800

o
C. 

 

5.2.2 Characterization of the samples 

The crystal structures of the prepared materials were characterized using XRD 

spectroscopic technique and the XRD machine used is PANalytical’s X-ray 

diffractometer (X
'
-PertPRO) with CuKα (1.5406Å) radiation with Ni filter. The 

vibrational spectra of the samples were analyzed using Shimadzu Iraffinity-1s FT-IR 

spectrometer. Sigma 300, Carl Zeiss Field Emission Scanning Electron Microscope was 

used for morphology analysis of the sample. JEOL JEM-2100, Transmission Electron 

Microscope operating at 200 kV was used for studying the shape and size of the 

materials. The photoluminescence excitations as well as emissions spectra were recorded 

using Hitachi (F-7000) fluorescence spectrophotometer having xenon discharge lamp as 

excitation source. All the measurements were carried out at room temperature.  
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5.3 Results and Discussions 

5.3.1 XRD study 

 
Figure 5.1: XRD patterns of a) BiPO4:xEu

3+
 (x=4, 8, 12at. %), b) Expanded view of the 

diffraction peaks in the 2θ range from 19.5 to 20.5 of figure 5.1(a) which shows the 

deflection of the peak with concentrations, c) (as prepared) BiPO4:8at. % Eu
3+

, samples 

annealed at 500
o
Cand 800

o
C d) BiPO4:8at. % Eu

3+
prepared at pH= 2,7,12 e) BiPO4:8at. 

% Eu
3+

prepared at 0.5, 6, 10mM CTAB. 

 

The XRD patterns of different concentrations of Eu
3+

 doped BiPO4; 8at. % Eu
3+

 

doped BiPO4 (as prepared), samples annealed at 500
o
C and 800

o
C; 8at. % Eu

3+
 doped 

BiPO4 prepared at pH= 2, 7 and 12 and 8at. % Eu
3+

 doped BiPO4 prepared at 0.5, 1, 6 

and 10mM CTAB of the reaction medium were depicted in figures 5.1(a), 5.1(c), 5.1(d) 

and 5.1(e) respectively. All the diffraction peaks in figure 5.1(a) exhibited hexagonal 

phase of BiPO4 according to JCPDS card no. 45-1370 [Zhao et al., (2013)]. The 
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diffraction peak having 101 Miller Indices is found shifted towards a higher angle as 

doping concentration of Eu
3+

 increases as shown in figure 5.1(b). This shifting of the 

diffraction peak to higher angle is due to the smaller size of Eu
3+ 

(0.947Å) as compared 

to Bi
3+

 (1.17Å) and this result revealed that Eu
3+

 is successfully doped into the 

interstitial site of BiPO4 [Singh et al., (2019)]. The lattice parameter as well as cell 

volumes of BiPO4 doped with different concentration of Eu
3+

 were also calculated and 

listed in table 5.1. From this table, it can be seen vividly that the cell volume decreased 

with increase of Eu
3+

 concentration due to the smaller size of Eu
3+

 as compared to Bi
3+

. 

When the sample BiPO4:8at. % Eu
3+ 

is annealed at 500°C for 2hrs, the hexagonal phase 

of the as-prepared sample changed into mixed phase of hexagonal and low-temperature 

monoclinic phase according to JCPDS card no. 15-0767 and card no. 45-1370 [Zhao et 

al., (2013); Naorem et al., (2020)]. Further increase of annealing temperature upto 

800°C leads to the formation of pure low-temperature monoclinic phase according to 

JCPDS card no. 15-0767 [Naorem et al., (2020)]. The effect of pH on the phase structure 

of 8at. % Eu
3+

 doped BiPO4 was also discussed in figure 5.1(d). Mixed phase structure 

of hexagonal and monoclinic phases was observed in both pH2 and pH12 of the reaction 

medium [Zhao et al., (2013); Naorem et al., (2020)]. But, a pure hexagonal phase was 

formed for the sample prepared at pH7 of the reaction medium. The XRD patterns of 

8at. % Eu
3+

 doped BiPO4 prepared at different concentrations of CTAB was depicted in 

figure 5.1(e). All the samples exhibited hexagonal phase indicating that the 

concentration of CTAB does not alter the phase of 8at. % Eu
3+

 doped BiPO4. 
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Table 5.1: Calculated lattice parameters, cell volumes and crystallite sizes of Eu
3+

 ions 

doped BiPO4. 

Eu
3+

 ion 

doping 

concentrations 

(atomic 

percentage) 

Lattice parameters Cell 

volume 

(V) A
3
 

Crystallite size 

(nm) 

a=b c 

4 6.9787 6.4705 272.91 38 

8 6.9767 6.4602 272.32 35 

12 6.9748 6.4573 272.05 34 

 

5.3.2 FT-IR study 

 

Figure 5.2: FT-IR spectra of a) BiPO4:8at. % Eu
3+

, BiPO4:8at. % Eu
3+ 

annealed at 500
o
C 

and 800
o
C b) BiPO4:8at. % Eu

3+ 
prepared at pH=2 and 12 c) BiPO4:8at. % Eu

3+  

prepared in 0.5 and 10mM CTAB. 
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The FT-IR spectra of BiPO4:8at. % Eu
3+

, BiPO4:8at. % Eu
3+ 

annealed at 500
o
C 

and 800
o
C, BiPO4:8at. % Eu

3+ 
prepared in pH=2 and 12, BiPO4:8at. % Eu

3+ 
prepared in 

0.5 and 10mM CTAB were shown in figure 5.2(a), 5.2(b) and 5.2(c) respectively. All 

the FT-IR spectra showed a similar peak profile and the spectra consist of different 

peaks in the range of 400cm
-1

 to 1200cm
-1

 corresponding to PO4
3-

 group. The peaks 

beyond 1200cm
-1

 are attributed to adsorbed water molecules. The peaks observed at 532 

cm
-1, 

588 cm
-1

, 596 cm
-1

 are resulted due to bending vibrations of O-P-O linkage [Zhao 

et al., (2013)]. Whereas, the most intense peaks at 939cm
-1

corresponds to the stretching 

symmetric vibrations (v1) of O-P-O bond [Lakshminarayana et al., (2015); Xue et al., 

(2009), Pawlig et al., (2001)]. The two bands centring at 1604 cm
-1

 and 3502cm
-1

 are 

ascribed to bending and stretching vibrations of water molecules adsorbed on the surface 

of the nanoparticles [Zhao et al., (2011)]. The observed FT-IR peaks are well-matched 

with the FT-IR peaks hexagonal phase of BiPO4 of reported literature [Zhao et al., 

(2013)]. For 500
o
C annealed sample, the most intense band centring at 939cm

-1
 is 

distorted a bit and three peaks were observed at 922cm
-1

, 948cm
-1

 and 986cm
-1

. These 

peaks are not distinct enough which may be due to the formation of mixed phase 

structure (hexagonal and low temperature monoclinic). Further increase of annealing 

temperature upto 800
o
C resulted in the formation of more distinct peaks in the range of 

700cm
-1

-1200cm
-1

 due to the formation of pure low-temperature monoclinic phase [Xue 

et al., (2009); Naorem et al., (2020)]. 

 

5.3.3 SEM and EDAX study 

The FE-SEM images of 8at. % Eu
3+

 doped BiPO4, 8at. % Eu
3+

 doped BiPO4 

prepared at pH of 2 and 12 of the reaction medium, 8at. % Eu
3+

 doped BiPO4 prepared at 

0.5, 6 and 10mM concentration of CTAB were depicted at figure 5.3(a), 5.3(b), 5.3(c), 

5.3(d), 5.3(e) and 5.3(f) respectively. The sample with 8at. % Eu
3+

 doped BiPO4 was 

found hexagonal in shape with grain size in the range of 40nm to 140nm. The formation 

of hexagonal shape morphology can be seen clearly in TEM image also. Agglomerations 

of the nanoparticles were found for the samples prepared at pH of 2 and 12 of the 
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reaction medium. So, it is difficult to determine the shapes and sizes in these cases. 

Hexagonal shape morphology for the sample prepared using 0.5mM of CTAB of the 

reacting medium was observed from the FE-SEM image. The grain size of the 

hexagonal shape nanophosphors were found in the range of 25nm to 188nm. The 

morphology of the nanoparticles changed as the concentration of CTAB of the reacting 

medium increased and the morphology were found as cucumber seed-like structure for 

the sample prepared in 6mM of CTAB and the grain sizes were also calculated in the 

range of 31nm to 425nm. In case of the sample prepared at 10mM CTAB of the reacting 

medium, the morphology was found to be sea flower-like morphology with diameter of 

around 500nm. It is also notable that the particles look incorporated and embedded with 

the next adjacent particles and hence the structure thus formed seems incomplete. 

Moreover, agglomerations of the particles are also noticed in some parts of the image.   

The EDAX spectra of Eu
3+

 doped BiPO4, samples prepared at different pH of the 

reaction medium and the samples prepared at different concentrations of CTAB were 

depicted in figure 5.4. All the spectra showed the respective elements present such as Bi, 

P, O and Eu indicating the successful doping of Eu
3+

 into the interstitial sites of BiPO4. 
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Figure 5.3: a) FE-SEM image of 8 at. % Eu
3+

 doped BiPO4, FE-SEM images of 8 at. % 

Eu
3+

 doped BiPO4 synthesized at b) acidic (pH2) c) basic (pH12), FE-SEM image of 8 

at. % Eu
3+

 doped BiPO4 prepared at d) 0.5mM CTAB e) 5mM CTAB f) 10mM CTAB. 
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Figure 5.4: a) EDAX spectra of 8 at. % Eu
3+

 doped BiPO4, EDAX spectra of 8 at. % 

Eu
3+

 doped BiPO4 synthesized at b) acidic (pH2) c) basic (pH12), EDAX spectra of 8 at. 

% Eu
3+

 doped BiPO4 prepared at d) 0.5mM CTAB e) 6mM CTAB f) 10mM CTAB. 
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5.3.4 TEM study 
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Figure 5.5: TEM images of as-prepared 8at. % Eu
3+

 doped BiPO4 a) at low-resolution b) 

at high resolution, TEM images of 8at. % Eu
3+

 doped BiPO4 annealed at 800
o
C c) at 

low-resolution d) at high resolution, TEM images of 8at. % Eu
3+

 doped BiPO4 

synthesized at pH 2 e) at low-resolution f) at high resolution, TEM images of 8at. % 

Eu
3+

 doped BiPO4 synthesized at pH12 g) at low-resolution h) at high resolution. 

 

TEM images of as-prepared 8at. % Eu
3+

 doped BiPO4, annealed samples and 8at. 

% Eu
3+

 doped BiPO4 prepared at different pH were shown in figure 5.5. All the TEM 

images of the prepared nanophosphors showed hexagonal shape morphology with 

different crystallite sizes. The crystallite sizes were found in the range of 9nm-26nm for 

as-prepared sample and that of 800
o
C annealed samples were measured in the range of 

17nm-35nm. The crystallite sizes of 8at. % Eu
3+

 doped BiPO4 synthesized at pH2 and 

pH12 were found to be 7nm-30nm and 8nm-20nm respectively. SAED and HRTEM 

images of as-prepared 8at. % Eu
3+

 doped BiPO4, 800
o
C annealed samples (8at. % Eu

3+
 

doped BiPO4) and 8at. % Eu
3+

 doped BiPO4 prepared at different pH (2 and 12) were 

depicted in figure 5.6. Dotted rings of bright spots were noticed in all the SAED images 

which indicate the formation of well crystalline nature of the prepared phosphors [Singh 

et al., (2019)]. Moreover, HRTEM image exhibited well separated inter-planar lattice 

fringes for all the samples indicating that the samples are highly crystalline in nature 

[Singh et al., (2019)]. The lattice distance of as-prepared sample was calculated and 
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found to be 2.99Å which corresponds to (200) plane of Eu
3+

 doped BiPO4 hexagonal 

phase. For 800
o
C annealed sample, the inter-planar lattice distance was coming out to be 

3.07Å, corresponding to (120) plane of low-temperature monoclinic phase of Eu
3+

 doped 

BiPO4. 2.12Å and 3.17Å were calculated as inter-planar lattice distances for the sample 

prepared at pH2 corresponding to (211) and (200) planes of hexagonal phase of Eu
3+

 

doped BiPO4 respectively. Lastly, for the sample prepared at pH12, the lattice distance 

was calculated as 2.35Å attributed to (112) plane of hexagonal phase of Eu
3+

 doped 

BiPO4. 
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Figure 5.6: a) SAED of 8at. % Eu
3+

 doped BiPO4, b) HRTEM images of 8at. % Eu
3+

 

doped BiPO4, c) SAED of8at. % Eu
3+

 doped BiPO4 annealed at 800
o
C d) HRTEM 

images of 8at. % Eu
3+

 doped BiPO4 annealed at 800
o
C, e) SAED of 8at. % Eu

3+
 doped 

BiPO4 synthesized at pH2 f) HRTEM images of 8at. % Eu
3+

 doped BiPO4 synthesized at 

pH2, g) SAED of 8at. % Eu
3+

 doped BiPO4 synthesized at pH12 h) HRTEM images of 

8at. % Eu
3+

 doped BiPO4 synthesized at pH12. 
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5.3.5 Photoluminescence study 

 

Figure 5.7: The PL excitation spectra of 8at. % Eu
3+

 doped BiPO4, 8at. % Eu
3+

 doped 

BiPO4 nanophosphors prepared at 0.5mM CTAB and 8at. % Eu
3+

 doped BiPO4 sample 

annealed at 800
o
C. (λemi=594nm). 

 

The excitation spectra of 8at. % Eu
3+

 doped BiPO4, 8at. % Eu
3+

 doped BiPO4 

nanophosphors prepared at 0.5mM CTAB and 8at. % Eu
3+

 doped BiPO4 sample 

annealed at 800
o
C were demonstrated in figure 5.7. The excitation spectra were recorded 

using an emission wavelength of 594nm and the excitation spectra consist of several 

excitation peaks resulted from Bi
3+

, Eu
3+

 and Eu-O [Ma et al., (2017)]. All the spectra 

showed similar excitation peak profiles except their peak intensities. The small shoulder 

peak at around 260nm and a broad band centring at 280nm was attributed to 
1
S0-

1
P1 

transition of Bi
3+

 and Eu-O respectively [Ma et al., (2017); Zhao et al., (2012)].Bi
3+

 also 

exhibits 
1
S0-

1
P1transition at a wavelength of 285nm. Hence, the broad band centring at 

280nm may be resulted from the overlapping of 
1
S0-

1
P1 transition of Bi

3+
 and Eu-O [Li 

et al., (2017); Zhao et al., (2012)].  Several sharp peaks which are located at 316, 360, 

384, 394, 416 and 464nm are corresponded to the intrinsic transitions i.e. 
7
F0-

5
H3,6, 

7
F0-

5
D4, 

7
F0-

5
L7, 

7
F0-

5
L6, 

7
F0-

5
D3, 

7
F0-

5
D2respectively of Eu

3+
 [Zhao et al., (2012)]. Amongst 

the various excitation peaks, the peak centring at 394nm having the transition 
7
F0-

5
L6 

was observed to have maximum excitation peak intensity. Hence, the emission spectra 

of all the prepared nanophosphors were recorded using 394nm as excitation wavelength. 
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The emission spectra of different doping concentrations of Eu
3+

 into BiPO4 were 

recorded by using an excitation wavelength of 394 nm and the emission spectra were 

depicted in figure 5.8(a). The emission spectra consist of different emission peaks which 

are originated from 
5
D0 state of Eu

3+
 and 

3
P1 of Bi

3+
. The broad band centring at around 

420nm is attributed to 
3
P1→

1
S0 transition of Bi

3+
. The sharp emission bands centring at 

594nm with a shoulder peaking at 589nm, peaks at 614nm with a shoulder peaking at 

618nm, 654nm and the emission band in the range of 687nm to 701nm are attributed to 

5
D0-

7
F1, 

5
D0-

7
F2, 

5
D0-

7
F3

5
D0-

7
F4 transitions of Eu

3+ 
ion respectively [Zhao et al., (2012); 

Li et al., (2010)].  It has been observed from the emission spectra that the emission 

intensity of Eu
3+

 increases with increase of Eu
3+

 ion concentration upto 8at. % further 

increase of Eu
3+

 doping concentration leads to attenuation of the emission intensity 

which is due to the concentration quenching effect. The effect of annealing temperature 

on the photoluminescence property of 8at. % doped BiPO4 nanophosphors were also 

discussed in figure 5.8(b). From this figure, the emission intensities of the samples were 

found accentuated with increase of annealing temperatures (500
o
C, 600

o
C, 700

o
C and 

800
o
C) and maximum intensity was observed for the sample which was annealed at 

800
o
C. This increased in emission intensity with temperature is due to the change of 

phase structure from mixed phase structure of hexagonal and low-temperature 

monoclinic phases to pure low-temperature monoclinic phase [Naidu et al., (2012)]. The 

effect of pH on the photoluminescence property was also investigated in figure 5.8(c). 

The optimum emission intensity of Eu
3+

 was achieved when the pH of the reaction 

medium is 7. Minimum emission intensities were observed for 8at. % Eu
3+

 doped BiPO4 

prepared at a pH of 2 and 12 due to the formation of less crystalline sample compared to 

8at. % Eu
3+

 doped BiPO4 prepared at a pH of 7. Moreover, 8at. % Eu
3+

 doped BiPO4 

particles formed at a pH of 2 and 12 of the reaction medium were found agglomerated 

which reduces the emission intensity. Further, the effect of CTAB concentrations of the 

reaction meadium on the photoluminescence property was discussed in figure 5.8(d). 

The emission intensity of 8at. % Eu
3+ 

doped BiPO4 was found maximum for the sample 

prepared in 0.5mM CTAB concentration. With the increased of CTAB concentration of 
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the reaction medium, the emission intensity decreases. This is due to the formation of 

larger particle size, passivation of 8at. % Eu
3+

 doped BiPO4 nanoparticles surface defects 

by surfactant molecules which lower the active sites on the surface of Eu
3+

 doped BiPO4 

and change of morphology from hexagonal to cucumber like shape and later on to sea 

flower upon increasing the concentration of CTAB from 0.5mM to 6mM and later on to 

10mM respectively. And also some areas of the FE-SEM image of the sample prepared 

at 10mM showed agglomeration of the particles which decreases the photoluminescence 

intensities. Moreover, the grain sizes of the particles were also increased as the 

concentration of CTAB increases. Hence, the photoluminescence intensity was observed 

to decrease when the concentration of CTAB increases. 
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ksak 

Figure 5.8: The PL emission spectra of a) BiPO4:xEu
3+

 (x=2,4,6,8,10,12at. %), b) as 

prepared BiPO4:8at. % Eu
3+

and annealed samples at 500
o
C, 600

o
C, 700

o
C, 800

o
C c) 

BiPO4:8at. % Eu
3+

prepared at pH=2,5,7,9,12 d) BiPO4:8at. % Eu
3+

 prepared using 

0.5mM, 1mM, 3mM, 6mM,10mM, recorded using excitation wavelength of 394nm. 
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5.3.6 CIE diagram 

 

Figure 5.9: CIE chromaticity diagrams of a) BiPO4:xEu
3+

 (x=2,4,6,8,10,12 at. %), b) 8at. 

% Eu
3+

 doped BiPO4 annealed at 500
°
C, 600

o
C, 700

o
C, 800

o
C, c) 8at. % Eu

3+
 doped 

BiPO4 prepared in pH =2, 5, 7, 9, 12 and d) 8at. % Eu
3+

 doped BiPO4 prepared in 

different CTAB (0.5, 1, 3, 6, 10mM) concentrations. 

 

The colour timbre of the emitted light can be comprehended using CIE co-

ordinates. The CIE co-ordinates were calculated from their emission spectra excited at 

394nm and they are listed in table 5.2. The CIE chromaticity diagrams of BiPO4:xEu
3+

 

(x=2,4,6,8,10,12at. %), 8at. % Eu
3+

 doped BiPO4 annealed at 500
o
C, 600

o
C, 700

o
C, 

800
o
C, 8at. % Eu

3+
 doped BiPO4 synthesized in different pH (2, 5, 7, 9, 12) and in 

different CTAB (0.5, 1, 3, 6, 10mM) concentrations were shown in figure 5.9(a), 5.9(b), 

5.9(c) and 5.9(d) respectively. The diagram showed emission of Bluish purple color for 
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BiPO4:xEu
3+

 (x=2,4,6,8,10,12at. %), 8at. % Eu
3+

 doped BiPO4 samples synthesized at 

different pH and in different CTAB concentrations. But for the annealed samples, the 

emission colours vary with annealing temperature. It exhibited Bluish purple colour for 

as-prepared sample, Reddish purple colour for 500
o
C, Pink colours for 600

o
C, 800

o
C 

and Orange pink for 700
o
C annealed samples. 

 

Table 5.2: CIE chromaticity coordinates of the BiPO4:Eu
3+

 nanophosphors upon 

excitations at 394 nm. 

Sample x y 

% of Eu
3+

 doped into  

BiPO4 lattice 

2 0.205 0.186 

4 0.286 0.210 

6 0.219 0.181 

8 0.350 0.244 

10 0.332 0.241 

12 0.302 0.229 

As prepared 0.226 0.197 

500
o
C 0.292 0.220 

600
o
C 0.460 0.323 

700
o
C 0.481 0.330 

800
o
C 0.534 0.369 

pH of the reaction 

medium 

2 0.226 0.190 

5 0.241 0.187 

7 0.335 0.244 

9 0.213 0.185 

12 0.240 0.185 

CTAB concentration 

of the reaction 

medium (in mM) 

0.5 0.273 0.202 

1 0.259 0.194 

3 0.259 0.183 

6 0.227 0.167 

10 0.207 0.159 
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5.4 Conclusion  

Hexagonal phase of Eu
3+ 

doped BiPO4 nanophosphors was synthesized by co-

precipitation method using ethylene glycol as reaction medium. Change of phase 

structure from hexagonal to mixed phase of hexagonal and low-temperature monoclinic 

phases and later on to pure low-temperature monoclinic phase upon annealing at 500
o
C 

and 800
o
C respectively were confirmed from XRD study. TEM images revealed the 

hexagonal shape morphology of the synthesized nanophosphors. Photoluminescence 

emission spectra showed the characteristic emission peaks of Bi
3+

 as well as Eu
3+

 and 

the optimum concentration of Eu
3+

 ion for doping was found to be 8at. %. Further, the 

photoluminescence emission intensity increased with increase of annealing temperature 

due to the change in their phase structure from hexagonnnal to low-temperature 

monoclinic phase. The effect of pH of the reaction medium on the photoluminescence 

property of Eu
3+ 

doped BiPO4 nanophosphors was discussed and emission intensity was 

found maximum at pH 7. 0.5mM exhibited maximum emission intensity and the 

emission intensity decreased as CTAB concentration of the reaction medium increased 

due to the formation of agglomerated particles and larger particle size of the 

nanoparticles. CIE diagram showed the emission of Bluish purple colour of the 

synthesized nanophosphors while the emission colour varies for the samples annealed at 

500
o
C, 600

o
C, 700

o
C, 800

o
C and their emission colours were found to be Reddish purple 

for 500
o
C, Pink colour for 600

o
C and 800

o
C, Orange pink for 700

o
C annealed samples. 

From these results, it is concluded that the synthesized nanophosphors may have 

application in lighting, optical devices, biomedical imaging etc. 
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CHAPTER-6 

Room temperature simple precipitation method for the preparation of Sm
3+

 ion 

doped BiPO4 and effect of annealing temperatures on their photoluminescence 

property 

6.1 Introduction 

Lanthanide ions doped inorganic luminescent materials have been given 

considerable attention because of their significant importance. They are used as 

catalysts, sensors, high-performance luminescent devices, other functional materials etc. 

based on their electronic, optical and chemical characteristics [Eliseevaab and Bunzli 

(2011); Hou et al., (2012)]. Out of various lanthanide ions, Sm
3+

 has 4f
5
 electronic 

configuration and absorbed the interest of researchers due to their high quantum 

efficiency [Singh et al., (2018)]. Due to 
4
G5/2-

6
HJ/2 (J = 5, 7, 9, 11) transitions, Sm

3+
 ion 

normally produced emission of yellowish-orange/reddish-orange/orange colour and has 

a wide range of applications in the field of sensors, solid-state laser, undersea 

communication fluorescence devices etc. [Hussain et al., (2009); Bahadur et al., (2014)].  

Lanthanide ion alone showed low luminescence efficiency due to poor cross-section 

resulted from their f-f forbidden transitions [Liu et al., (2010); Vranjeˇs et al., (2013); 

Ningthoujam et al., (2012)]. Hence, it is needed to encompass into a host material. 

 

As Bi
3+

 have similar ionic size with lanthanide ions, BiPO4 has been considered 

as one of the most suitable host material for doping lanthanide ion [Naidu et al., (2012)]. 

Moreover, BiPO4 has comparatively low cost, excellent physio-chemical properties such 

as high absorption edge, high stability in terms of chemical and mechanical stability etc. 

[Roming and Feldmann, (2009)].  Moreover, Bi
3+

 ion itself acted as a sensitizer and the 

luminescence resulted from Bi
3+

 ions are very attractive due to the electronic transition 

between 6s
2
 and 6s6p and Stoke shift associated with its absorption-emission 

characteristics [Naorem et al., (2020)]. The composition and phase structure of the host 

materials also play an important role in controlling the optical, chemical and physical
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properties of the materials as luminescence property depends on optical, chemical and 

physical properties of the materials [Naidu et al., (2012); Naorem et al., (2020); 

Naoremet al., (2020),]. In this regard, synthetic route played a vital role in controlling 

chemical and physical properties. Wet chemical synthetic routes such as hydrothermal 

method, sol-gel, co-precipitation methods etc. are commonly employed as it is easy to 

control pH, reaction temperature, solution concentrations etc. Amongst these wet 

chemical methods, co-precipitation is one of the easiest, low cost, energy-saving method 

for the synthesis of lanthanide ion-doped luminescent material. However, luminescent 

material which is synthesized using wet chemical method generally adsorbed 

luminescent quenchers such as OH
-
, CO3

2-
 etc. on the surface of the material and even 

co-ordinated with lanthanide ion [Mass et al., (2002); Jiang et al., (2003)]. In most 

cases, OH
- 

is responsible for luminescent quenching of the lanthanide ion-doped 

luminescent material [Mass et al., (2002); Luwang et al., (2010)]. In wet chemical 

synthetic route, water molecules are associated with the phase structure of the material 

and it is difficult to control in this synthetic route.  However, these luminescent 

quenchers can be removed by heating the material at high temperatures [Luwang et al., 

(2010)]. Hence, in this chapter, Sm
3+

 ion-doped BiPO4 phosphor was prepared using 

room temperature simple precipitation method. Their photoluminescence properties 

resulted due to annealing at different temperatures were discussed. 

 

6.2 Experimental details  

6.2.1 Sample preparation 

Samarium nitrate hexahydrate (Sm(NO3)3.6H2O) with 99.99% purity, Bismuth 

nitrate pentahydrate  (Bi(NO3)3·5H2O) with purity percentage of 98%, ammonium 

dihydrogen phosphate (NH4H2PO4) of 98% purity purchased from Alfa Aesarwere used 

for the synthesis of Sm
3+

 ions doped BiPO4. The synthesis steps are given as follows, 

firstly the stoichiometric amount of Bi(NO3)3·5H2O was mixed with 70 ml of water into 

a beaker and it was stirred in a magnetic stirrer for 15mins. Stoichiometric amounts of 

NH4H2PO4 and Tb(NO3)3 were further added to the above solution. The solution is 
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further stirred for 2hrs at room temperature to get white precipitate. The white 

precipitate formed was washed 4-5 times with distilled water and lastly with acetone. 

The sample thus obtained was dried in an oven at a temperature of 80
o
C for 12 hrs. 

Different doping concentrations of Sm
3+

 ion into BiPO4 were also prepared following 

the same procedure. 5at. % Sm
3+

 doped BiPO4 which has the highest emission intensity 

was further annealed at different temperatures i.e. 500
o
C, 600

o
C, 700

o
C, 800

o
C. 

 

6.2.2 Characterization of the samples    

 PANalytical’s X-ray diffractometer (X
'
-PertPRO) with CuKα (1.5406 A˚) 

radiation with Ni filter was used to determine the crystal structure of the prepared 

samples. The vibrational spectra of the prepared sample were analyzed using Shimadzu 

Iraffinity-1s FT-IR spectrometer using KBr as a beam splitter. Field emission scanning 

electron microscopy (FESEM) was recorded by Sigma 300, Carl Zeiss in order to see the 

morphologies of the samples. Hitachi (F-7000) fluorescence spectrophotometer having 

xenon discharge lamp as excitation source was used for the recording of excitation and 

emission spectra. All the measurements were taken at room temperature. 

 

6.3 Results and Discussions 

6.3.1 XRD study 

 

Figure 6.1: XRD patterns of as prepared BiPO4:5at. % Sm
3+

, 500
o
C and 800

o
C 

annealed samples. 
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The XRD patterns of as-prepared 5at. % Sm
3+

 ion doped BiPO4, 500
o
C and 

800
o
C annealed samples were shown in figure 6.1. The diffraction patterns showed the 

hexagonal phase for as prepared sample with respect to JCPDS card no. 45-1370 [Zhao 

et al., (2013)]. The observed diffraction peaks are sharp and strong showing well 

crystallization of the samples. Further, no impurity peak is observed indicating the 

formation of well-crystallized pure hexagonal phase of the prepared sample. The XRD 

patterns of 500
o
C annealed sample exhibited a mixed phase structure of hexagonal and 

low-temperature monoclinic phases of BiPO4 according to JCPDS card no. 45-1370 and 

card no. 15-0767 [Zhao et al., (2013); Naorem et al., (2020)]. Further, change of phase 

structure from mixed phase to low-temperature monoclinic phase was observed when 

the sample is annealed at 800
o
C as the diffraction peaks are corresponded to low-

temperature monoclinic phase of BiPO4 according to JCPDS card no. 15-0767 [Naorem 

et al., (2020)].  No impurity peak was observed even in the annealed samples also 

revealing the formation of pure low-temperature monoclinic phase. 

 

6.3.2 FT-IR study 

 

Figure 6.2: FT-IR spectra of as-prepared (BiPO4:5at. % Sm
3+

) and annealed samples at 

500
o
C and 800

o
C. 

The vibrational properties of PO4
3-

 group in different phases were discussed 

using FT-IR spectra. The FT-IR spectrum of 5at. % of Sm
3+

 doped BiPO4 was shown in 
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figure 6.2. The most intense band centring at 941cm
-1

 is attributed to the symmetric 

stretching vibrational modes of O-P–O bond [Lakshminarayana et al., (2015); Xue et al., 

(2009), Pawlig et al., (2001)]. The other bands centring at 532 cm
-1

 and 586cm
-1 

are 

resulted due to bending vibrational modes of O–P–O linkage [Zhao et al., (2013); 

Achary et al., (2013)]. The two bands at 1605cm
-1 

and 3480cm
-1 

are associated with 

v(O–H) and δ(H–O–H) [Zhao et al., (2011)]. These all characteristic bands correspond 

to the hexagonal phase. The FT-IR spectra for the samples annealed at different 

temperatures were also displayed in figure 6.2. The FT-IR spectra for the sample 

annealed at 800
o
C showed splitting of the absorption band centring at 941cm

-1
 into four 

peaks at 910, 948, 987 and 1064 cm
-1

 in the fingerprint region which are corresponded to 

the monoclinic phase of BiPO4 [Xue et al., (2009)]. In case of 500
o
C annealed sample, 

the absorption band centring at 941cm
-1 

was split which may be due to the presence of 

monoclinic phase in their phase structure. Moreover, no absorption bands were observed 

at 1605cm
-1 

and 3480cm
-1

 indicating that the samples were free from water [Singh et al., 

(2019)]. 
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6.3.3 SEM and EDAX study 

 

Figure 6.3: SEM image of a) as prepared (BiPO4:5at. % Sm
3+

), b) 500
o
C annealed 

sample c) 800
o
C annealed sample. 

 

The morphology of the as-prepared sample as well as the samples annealed at 

500
°
C and 800

°
C were contemplated using Scanning Electron Microscopy (SEM). The 

above figure 6.3(a), 6.3(b),6.3(c) showed SEM images of as-prepared (5at. % Sm
3+

 

doped BiPO4) sample, the samples annealed at 500
°
C and 800

°
C respectively. It has been 

disclosed from the figure that the nano-rod morphology of as-prepared sample with 

grain sizes range from 30nm to 600nm were observed. The sample which was annealed 

at 500
°
C also showed nano-rod morphology of the particles with grain sizes ranged from 

60nm to 750nm while the sample which was annealed at 800
°
C revealed irregular shape 

and sizes range from 100nm to 1µm. The EDAX spectra of as-prepared (5at. % Sm
3+

 

doped BiPO4) sample, the samples annealed at 400
°
C and 1000

°
C were shown in figure 

6.4. It has been clearly revealed that the spectra consist of peaks emanated from the 
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elements i.e. Bi, P, O and Sm. These EDAX spectra also support the successful doping 

of Sm
3+

 into BiPO4 lattice.    

 

 

Figure 6.4: EDAX spectra of a) as prepared, b) 500
o
C and c) 800

o
C annealed samples. 
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6.3.4 Photoluminescence study 

 

Figure 6.5: a) PL excitation spectra of as prepared  (5at. % Sm
3+

 doped BiPO4) sample, 

annealed samples at 500
o
C and 800

o
C with emission wavelength of 598nm b) PL 

emission spectra of BiPO4:xSm
3+

 (x=3,5,7,9,11at. %) (λexci=401nm) c) Emission spectra 

of as prepared(5at. % Sm
3+

 doped BiPO4) sample, 500
o
C, 600

o
C, 700

o
C, 800

o
C annealed 

samples for 2hrs (λexci=401nm). 

 

The photoluminescence excitation spectra of as-prepared sample, 500
o
C and 

800
o
C annealed samples were shown in figure no. 6.5(a). The excitation spectra were 

recorded using the emission wavelength of 598nm. The spectra consist of six absorption 

bands which are centring at 265nm, 344nm, 360nm, 374nm, 401nm and 415nm. The 

peak at 265nm is attributed to 
1
S0-

1
P1 transition resulted from Bi

3+
 [Zhao et al., (2013)]. 

The other remaining peaks correspond to 
6
H5/2-

4
D7/2, 

6
H5/2-

4
D3/2, 

6
H5/2-

4
D1/2, 

6
H5/2-

6
P3/2 
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and 
6
H5/2-

6
P5/2 transitions originated from Sm

3+
 respectively [Shi et al., (2015); Chanu 

and Singh (2020)]. Figure 6.5(b) and 6.5(c) showed the emission spectra of 

BiPO4:xSm
3+

 (x=3,5,7,9,11at. %) and the samples annealed at 500
o
C, 600

o
C, 700

o
C and 

800
o
C respectively. The emission spectra were recorded with an excitation wavelength 

of 401nm as 
6
H5/2-

6
P3/2 was giving the highest excitation peak intensity. The emission 

spectra consist of three emission bands centring at 563nm, 598nm and 645nm which are 

attributed to 
4
G5/2-

6
H5/2, 

4
G5/2-

6
H7/2, 

4
G5/2-

6
H9/2 transitions of Sm

3+
respectively [Chanu 

and Singh (2017); Okram et al., (2013)]. No significant change in their emission 

intensities was observed for different doping concentrations of Sm
3+

 while 5at. % of 

Sm
3+

 was found a little bit higher in emission intensity as compared to other doping 

concentrations. So, the sample with 5at. % of Sm
3+

 doping concentration was further 

annealed at different temperatures such as 500
o
C, 600

o
C, 700

o
C, 800

o
C. The 

photoluminescence emission intensities were found accentuated with increased of 

annealing temperatures. This increased in photoluminescence emission intensity upon 

heating is due to the change of phase structure from hexagonal to low-temperature 

monoclinic phase and the absconding of luminescent quenchers at a temperature of 

800
o
C [Naidu et al., (2012); Luwang et al., (2010)].  

 

6.3.5 CIE study 

 

Figure 6.6: CIE chromaticity diagrams of as prepared BiPO4:5at. % Sm
3+

 nanophosphor 

and the samples annealed at 500
o
C, 600

o
C, 700

o
C, 800

o
C. 
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The CIE chromaticity diagram of as prepared 5at. % Sm
3+

 doped BiPO4 and 

samples (5at. % Sm
3+

 doped BiPO4) annealed at 500
o
C, 600

o
C, 700

o
C, 800

o
C for 2hrs 

are depicted in figure 6.6. The CIE colour co-ordinates of the samples were calculated 

from the emission spectra obtained upon excitation at 401nm and the calculated co-

ordinates were listed in table 6.1. From the CIE diagram study, it was observed that as 

prepared (5at. % Sm
3+

 doped BiPO4) sample showed emission in the blue region of the 

electromagnetic radiation. As the sample is annealed at 500
o
C, the emission colour 

shifted slightly towards cyan region but for the sample which was annealed at 600
o
C 

exhibited purely cyan colour emission while 700
o
C annealed sample showed emission of 

greenish cyan colour and lastly, the sample annealed at 800
o
C exhibited emission of 

light green colour. The calculated colour co-ordinates for all the samples were calculated 

by usingMcCamy’s equation [Du et al., (2016), Ryadun et al., (2020)]: 

CCT = -437n
3
 + 3601n

2
 - 6861n + 5514.31 and n = (x-xe)/(y-ye), 

Where x and y represents the calculated colour co-ordinates.The CCT values 

werelisted in table 6.1. 

 

Table 6.1: CIE chromaticity coordinates and CCT of the BiPO4:Sm
3+

 nanophosphors 

upon excitations at 401 nm. 

 

Sample x y CCT 

As prepare 0.157 0.122 2331 

500
°
C 0.171 0.158 1527 

600
o
C 0.204 0.318 2072 

700
o
C 0.252 0.511 3114 

800
o
C 0.281 0.594 6146 
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6.4 Conclusion  

In conclusion, BiPO4:xSm
3+

 (x=3,5,7,9,11at. %) nanophosphors were 

synthesized by co-precipitation method using water as reaction medium followed by 

heating of BiPO4:5at. % Sm
3+

 at different temperatures i.e. 500
o
C, 600

o
C, 700

o
C, 800

o
C 

for 2 hrs. The hexagonal phase of the as-prepared sample was observed from the XRD 

study and the change of phase structure from hexagonal phase to low-temperature 

monoclinic phase was noticed upon annealing the sample at 800
o
C. Rod-shaped 

morphology of size ranging from 30nm to 600nm of the as-prepared nanophosphors was 

detected from SEM image. There occurred no change in morphology of the 

nanophosphors upon heating at 500
o
C but the size of the nanophosphors increased 

(60nm to 750nm) while change of morphology from nano rod shape morphology to 

irregular morphology upon heating at 800
o
C was noticed and the sizes were also found 

increased (100nm to 1µm). Sm
3+

 doped BiPO4 showed excitation spectra consisting six 

excitation peaks resulted from Bi
3+

 and Sm
3+

, the transition 
6
H5/2-

6
P3/2 at 401nm was 

found as the highest excitation peak. The characteristic emission peaks of Bi
3+

 and Sm
3+

 

were observed in the emission spectra of Sm
3+

 doped BiPO4 and the optimum 

concentration of Sm
3+ 

was found to be 5at. %. The emission intensity was found 

accentuated with increased of heating temperature which is due to the change of phase 

structure from hexagonal to low-temperature monoclinic phase upon annealing at 800
o
C. 

CIE study showed the exhibition of blue colour emission for as-prepared sample, bluish 

cyan for 500
o
C annealed sample, cyan for 600

o
C annealed sample, greenish cyan for 

700
o
C annealed sample and light green for the sample which was annealed at 800

o
C. 

The above results showed that the prepared nanophosphors may have potential 

applications in fluorescence lamp, optical devices, displays etc.
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Summary and conclusion 

In summary, BiPO4:Ln
3+

 (Ln
3+

 = Ce
3+

, Tb
3+

, Eu
3+

, Sm
3+

) phosphors were 

synthesized by co-precipitation method using ethylene glycol and water as reaction 

mediums. The prepared phosphors were characterized by using the techniques such as 

XRD, FT-IR, UV-Vis spectroscopy, FE-SEM, EDAX, TEM, HRTEM, SAED and PL. 

The effect of lanthanide ions doping concentrations and also the effect of annealing 

temperature on their photoluminescence intensities were studied. The 

photoluminescence properties resulted from different pH and CTAB concentrations of 

the reaction medium were also investigated and the following results were observed: 

 

 The formation of low-temperature monoclinic phase of Ce
3+

 ion doped BiPO4 

phosphors was confirmed from XRD and FT-IR studies. SEM study revealed the 

rice shape morphology of BiPO4:Ce
3+

 (7at.%). Photoluminescence analysis 

showed a broad emission band extending in a wide wavelength range with 

maxima around 419 and 470 nm was observed under excitation at 370 and 417 

nm, respectively attributed to 5d → 
2
F5/2, 

2
F7/2 transitions of Ce

3+
 ion. The 

optimum concentration of Ce
3+

 ion was found to be 7at. %. BiPO4:Ce
3+

 (7at.%) 

was able to degrade 90% of methylene blue under 120 minutes of UV light 

irradiation. 

 

 The XRD and FT-IR studies showed low-temperature monoclinic phase of the 

prepared Tb
3+

 ions doped BiPO4 phosphors. Change of phase structure from low-

temperature monoclinic phase to high-temperature monoclinic phase upon 

annealing at 1000
o
C was observed through XRD analysis. Agglomerations of 

particles were noticed from SEM image analysis. TEM image revealed the 

formation of hexagonal shape morphology with particle size in the range of 8-

20nm. In the photoluminescence study, the emission spectra showed four 
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emission peaks centring at 488nm, 544nm, 582nm and 620nm under excitation at 

351nm. These emission peaks were resulted due to 
5
D4→

7
F6, 

5
D4→

7
F5, 

5
D4→

7
F4 

and 
5
D4→

7
F3 transitions of Tb

3+
 respectively. The optimum concentration of 

Tb
3+

 was found to be 3at. %. Same emission peaks profiles were observed for 

annealed samples except their emission peak intensities. The emission peaks 

intensities were found to increase with increase of annealing temperature upto 

800
o
C, then decreased when the annealing temperature reached 1000

o
C due to 

change of phase structure from low-temperature monoclinic phase to high-

temperature monoclinic phase.  The decay lifetime of the prepared samples were 

also investigated and found 1.8346 ms as the maximum lifetime. Emissions in 

near white region of the prepared phosphors were observed from their CIE 

diagram study. 

 

 The XRD patterns of the prepared BiPO4: Eu
3+

 showed hexagonal phase while 

change of phase from hexagonal to mixed phase of hexagonal and low-

temperature monoclinic phases and later on to pure low-temperature monoclinic 

phase were noticed upon annealing at 500
o
C and 800

o
C respectively. Hexagonal 

shape morphologies of the synthesized nanophosphors were observed from TEM 

images. Photoluminescence emission spectra showed the characteristic emission 

peaks resulted from Bi
3+

 and Eu
3+ 

ions. 
5
D0-

7
F1 transition of Eu

3+ 
ion was found 

to exhibit maximum emission intensity and the optimum concentration of Eu
3+

 

was found to be 8at. %. Further, the photoluminescence emission intensity 

increased with increase of annealing temperature upto 800
o
C due to the change 

in their phase structure from hexagonal phase to pure low-temperature 

monoclinic phase. 8at. % Eu
3+

 doped BiPO4 prepared at pH=7 exhibited 

maximum emission intensity comparing to the samples prepared at acidic as well 

as in basic mediums. 8at. % Eu
3+

 doped BiPO4 prepared at 0.5mM CTAB 

concentration exhibited maximum emission intensity and the emission intensity 

decreased as CTAB concentration of the reaction medium increased due to the 
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formation of agglomerated particles and larger particle size of the nanoparticles. 

From CIE diagram study, all the synthesized nanophosphors emitted in Bluish 

purple colour region and the annealed samples showed different emission colours 

such as Reddish purple for 500
o
C, Pink colour for 600

o
C and 800

o
C, Orange pink 

for 700
o
C annealed samples 

 

 Hexagonal phase of the prepared Sm
3+

 ions doped BiPO4 phosphors were 

confirmed from XRD study. And change of phase from hexagonal phase to low-

temperature monoclinic phase was also observed upon annealing at 800
o
C. 

Change of morphology from rod-shaped to nearly spherical shape was noticed 

upon annealing at 800
o
C and the sizes were also found to increase upon 

annealing. The emission peaks were observed at 563nm, 598nm and 645nm 

which are attributed to 
4
G5/2-

6
H5/2, 

4
G5/2-

6
H7/2, 

4
G5/2-

6
H9/2 transitions of Sm

3+
 

respectively. The maximum emission intensity was observed for 
4
G5/2-

6
H7/2 

transition and the optimum concentration of Sm
3+

 was found to be 5at. %. The 

emission intensity was found accentuated with increased of heating temperature 

due to the change of phase from hexagonal to low-temperature monoclinic phase 

and the abscondence of luminescent quenchers at higher temperatures. From CIE 

study, switching of emission colour from region to light green region was 

observed upon annealing. 

 

From the above results, it is suggested that the prepared phosphors may have potential 

application in the fields of lighting, photocatalyst, sensors, bio-imaging, scintillators, 

display devices, biological assays, undersea communications etc. In future, the 

applicability of the prepapred samples in the field of photocatalysis, sensors and 

supercapacitor will be studied. 
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1  |   INTRODUCTION

Rare earth ions-doped luminescent materials have attracted a 
much attention because their wide applicability in the fields of 
lighting and display devices, optoelectronics etc.1–3 Among the 
rare earth ions, Ce3+ is very much sought after due to its low 
cost, spin, and parity allowed optical 4f-5d transitions and its ap-
plications in scintillators, light-emitting diodes and field emis-
sion displays etc.4 Moreover cerium ion-doped phosphors could 
absorb in UV region with a large cross-section and emitted in 
the blue region of the visible radiation due to electric dipole al-
lowed transitions, which makes them suitable for applications in 
the fields of lithography, imaging, optical data recording.5

In the last few years, phosphate-based luminescent materials 
have drawn a considerable attention because of their potential 

applications in photoluminescence, photocatalysis, super ionic 
conductors, etc as well as their high physio-chemical stability.6–8 
As a member of phosphate family, BiPO4 is considered as suit-
able host for doping rare earth ions because of their comparable 
in size of Bi3+ with the trivalent rare earth ions. BiPO4 nor-
mally crystallizes in two crystallographic forms: Hexagonal and 
Monoclinic. Hexagonal phase is generally formed at lower tem-
perature and it can be converted to monoclinic phase on heating 
above 600°C. Hexagonal and Monoclinic structures of BiPO4 are 
essentially differed in the co-ordination number of Bi3+. In case 
of hexagonal phase, Bi3+ ions are surrounded by eight neigh-
boring oxygen atoms and forming square anti-prism geometry 
whereas in case of monoclinic phase nine near oxygen atoms. In 
hexagonal phase, BiO8 polyhedra and PO4 tetrahedra with lattice 
water molecules located in channels are symmetrically arranged 
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Abstract
Ce3+ ion doped BiPO4 phosphors were synthesized by co-precipitation method using 
ethylene glycol as capping agent. The prepared phosphors were characterized by 
XRD, SEM, FT-IR, UV-Vis, and PL spectroscopy techniques. The formation of mon-
oclinic phase was confirmed from XRD and FT-IR studies. SEM study revealed the 
rice shape morphology of BiPO4:Ce3+ (7at.%). In the photoluminescence analysis, 
a broad emission band extending in a wide wavelengths range with maxima around 
419 and 470 nm was observed under excitation at 370 and 417 nm, respectively. 
These emission bands are originated from the electronic transitions, viz., 5d → 2F5/2, 
2F7/2 of Ce3+ ion. The emission intensity was accentuated with the increase of Ce3+ 
ion till 7at.% and subsequently attenuated with further increase of Ce3+ ion concen-
tration; which is due to the concentration quenching effect. The BiPO4:Ce3+ (7at.%) 
sample was characterized for the feasibility of photocatalytic degradation of methyl-
ene blue under UV light irradiation and degradation of 90% of the dye was degraded 
within 120 minutes was observed. From the results, it is believed that the prepared 
BiPO4:Ce3+ may have potential applications in solid state lighting as well as in pho-
tocatalysis for the degradation of organic dyes.
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in a chain form parallel to the c-axis.7,9 But in the monoclinic 
phase, the chains are unsymmetrically arranged.9 Monoclinic 
phase exhibited superior photoluminescence and photocatalytic 
activity than the hexagonal phase.10 Additionally the lumines-
cence arising from the Bi3+ species is also quite interesting be-
cause of its electron transition between the 6s2 ground states and 
the 6s6p excited states and significant Stoke shift associated with 
its emission-absorption characteristics.7

Semiconductor photocatalysis have become the most attrac-
tive research topic among the researchers in the past few years 
as it is considered as the most promising method to solve the 
energy problem and the environment related problems.11,12 It has 
potential applications in water splitting to generate hydrogen and 
decomposition of organic dyes in waste water. The organic dyes 
present in waste water are very stable in natural cycle. Therefore, 
it causes hazardous effects on living beings (both aquatic and 
surface environments). It also caused carcinogenic, mutagenic 
to human being as well.13,14 Hence, degradation of these organic 
dyes is of great importance before entering into the fresh water 
bodies. In this regard, BiPO4 is considered as the good UV-light 
active photocatalyst semiconductor due to its high efficiency 
to separate the electrons and holes, low cost, high stability etc. 
It has also been reported that BiPO4 has greater activity on the 
degradation of some organic dyes, phenol, benzene than the 
P25 under UV light irradiation.15–17 Moreover doping of Ce3+ 
ion into semiconductor leading to increase its surface area and 
also enhances the electron-hole charge separation which higher 
its photocatalytic activity.18,19 Therefore, the present study is 
focused on the investigation of photoluminescence and photo-
catalytic properties of Ce3+-doped BiPO4 prepared by co-precip-
itation method using ethylene glycol as reaction medium.

2  |   EXPERIMENTAL DETAILS

2.1  |  Materials

The chemicals used in the synthesis are cerium nitrate hexa-
hydrate (Ce(NO3)3·6H2O) (with 99.99% purity), Bismuth 
nitrate hexahydrate (Bi(NO3)3·6H2O) (with 98% purity), 
Ammonium dihydrogen phosphate (NH4H2PO4) (with 98% 
purity). All chemicals were purchased from Alfa Aesar. The 
solvent ethylene glycol was purchased from Merck.

2.2  |  Preparation of cerium ions doped 
bismuth phosphate

In a typical synthesis, the stoichiometric amount of 
Bi(NO3)3·5H2O was added into a round bottom flask con-
taining 70 mL of ethylene glycol. The solution was stirred 
in a magnetic stirrer for 30 minutes. Then, the stoichiometric 
amounts of NH4H2PO4 and Ce(NO3)3 were added into the 

above solution and it is refluxed at a temperature of 160°C 
for 2 hours. The solution was then allowed to cool down at 
room temperature and then the precipitate thus formed was 
washed with distilled water for several times and then with 
ethanol. After that the sample was dried in an oven at a tem-
perature of 80°C for 12 hours.7 Similar process was followed 
for preparing different doping concentrations of Ce3+.

2.3  |  Characterizations

Bruker D2 phaser XRD machine equipped with Cu Kα radia-
tion (λ = 1.5406 Å, Ni filter, 2Θ = 15°-60° operated at 30 kV 
and 100 mA) was used to determine the crystal structure of the 
prepared samples. The vibrational spectra of the prepared sample 
were analyzed using Shimadzu Iraffinity-1s FT-IR spectrometer 
using KBr as beam splitter. Field emission scanning electron mi-
croscopy (FESEM) was recorded by Jeol JSM-6390 in order to 
see the morphologies of the samples. The absorption band and 
the photocatalytic activity of the sample were recorded by Jasco 
V-730 UV-Visible spectrophotometer. Hitachi (F-7000) fluores-
cence spectrophotometer having xenon discharge lamp as excita-
tion source was used for the recording of excitation and emission 
spectra. All the measurements were taken at room temperature.

2.4  |  Photocatalytic activity measurement

Methylene blue was chosen as a target pollutant for evaluat-
ing the photocatalytic activity of the prepared BiPO4:7at.% Ce3+ 
because it is one of the most commonly used dye in industries 
mainly for printing, textiles and leather industries.20 It causes 
environmental and biological problems.21 It also causes head-
ache, shortness of breath, high blood pressure of human being.22 
The photocatalytic activity of the prepared BiPO4:Ce3+ (7at.%) 
sample was analyzed through the degradation of methylene 
blue dye under UV-light irradiation (Spectroline E-Series UV 
lamp with 254 nm). The details of the procedure are as follow, 
10 ppm of methylene blue solution was prepared in aqueous so-
lution. Then 100 mg of the catalyst was suspended in 100 mL of 
above methylene blue solution. The solution was stirred using 
magnetic bar for 15 minutes and then kept in a dark place for 
about 30  minutes in order to achieve adsorption-desorption 
equilibrium. Then the solution was irradiated by UV light at a 
wavelength of 254 nm. Every 10 minutes, the absorbance of 
the sample was recorded using UV–Vis spectrophotometer. The 
discoloration efficiency (I%) was calculated using the formula.

where, Co is the initial concentration of the dye and Ct is the 
concentration of the dye after UV-light irradiation at time t.

I (%)=
Co−C

t

C
t

×100,
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3  |   RESULTS AND DISCUSSIONS

3.1  |  XRD study

Figure 1 shows the XRD patterns of Ce3+ (3, 7, and 11at.%) 
ions-doped BiPO4 phosphors. The diffraction peaks of as 

prepared samples are well matched with the monoclinic phase 
of the BiPO4 according to the JCPDS No. 15-0767.8 The ob-
served diffraction peaks were strong and sharp indicating that 
the prepared samples are well crystallized. Further no possi-
ble impurity phases were detected showing that the prepared 
sample is crystallized in pure monoclinic phase. Figure  S1 
(Supplementary Information) showed the shifting of diffrac-
tion peak to the higher angle as the concentrations of dopant 
Ce3+ ion increases which is due to the smaller size of Ce3+ ion 
(1.07 Å) as compared to Bi3+ ion (1.17 Å).23,24 This shifting 
of diffraction peaks confirmed the successful doping of Ce3+ 
ions into the interstitial site of BiPO4.

25–27 The calculated lat-
tice parameters and cell volumes are shown in Table 1. It is 
clearly seen that the cell volume is decreased with the increase 
of Ce3+ ion concentration which is due to smaller size of Ce3+ 

F I G U R E  1   XRD patterns of 
the prepared BiPO4:xCe3+ (x = 3, 7, 
11at.%)

T A B L E  1   Calculated lattice parameters and cell volumes of 
cerium ions-doped bismuth phosphate

Dopant cerium 
ion concentrations 
(atomic percentage)

Lattice parameters
Cell volume 
(V) Å3a(Å) b(Å) c(Å)

3 6.754 6.937 6.47 294.465

7 6.752 6.936 6.469 294.277

11 6.741 6.934 6.463 293.572

F I G U R E  2   FT-IR spectrum of BiPO4:Ce3+ (7at.%)

F I G U R E  3   SEM image of BiPO4:Ce3+ (7at.%)
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ion as compare to the Bi3+ ion. The substitution of Bi3+ ion by 
Ce3+ ion is also supported by reduction in cell volume.

3.2  |  FT-IR and SEM Image study

The FT-IR spectrum of BiPO4:Ce3+ (7at.%) is shown in 
Figure 2. The bands observed at 3450 and 1615 cm−1 cor-
respond to the stretching and bending vibrations of O–H 
bond that is originated from the adsorbed H2O molecules on 
the surface of the sample.28,29 The bands observed at 947, 
983, and 1060 cm−1 are attributed to the symmetric stretch-
ing vibrational modes of P–O bond and the band observed 
at 908 cm−1 can be assigned to the symmetric stretching vi-
brational mode of P–O bond within the PO3−

4
 group.6 The 

bands observed at 595, 563, 545, and 526 cm−1 correspond 
to the bending vibrational modes of O–P–O linkage.30 All 
these observed bands are the characteristic bands of PO3−

4
 

group of a monoclinic structure. So the formation of mono-
clinic phase is further supported from the above analysis. The 
rice shape morphology of BiPO4:Ce3+ (7at.%) phosphor was 
observed from SEM image analysis and the SEM images of 
BiPO4:Ce3+ (7at.%) is shown in Figure 3.

3.3  |  PL study

Figure 4 showed the photoluminescence excitation spectrum 
of prepared BiPO4:Ce3+ (7at.%). The excitation spectrum was 

F I G U R E  4   PLE spectrum of BiPO4:Ce3+ (7at.%) (λemi = 471 nm)

F I G U R E  5   (A) PL spectra of BiPO4:xCe3+, (λemi = 370 nm) (x = 1,3,5,7,9,11at.%) (B) Gaussian fitting of the peak of BiPO4:1at.% Ce3+

F I G U R E  6   PL spectra of BiPO4:xCe3+, (λemi = 417 nm) 
(x = 1,3,5,7,9,11at.%)
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recorded by monitoring the emission wavelength at 471 nm. 
The spectrum consists of two maxima at 370 and 417  nm 
which correspond to 2F5/2 → 5d transitions of Ce3+ ion.31–33

Under excitation at the wavelength of 370 nm, a broad 
emission band extending upto 600 nm having maximum 
at 419 nm was observed (Figure 5A) which is due to the 
5d → 2F5/2, 2F7/2 allowed transition resulted from the cou-
pling of 5d electron with the host lattice.33,34 This broad 
emission band can be split into three different bands at 
412, 449, and 526 nm by Gaussian curve fitting (Figure 
5B) and these bands are resulted due to the transition from 
ground state to different field-splitting 5d levels of Ce3+ 
ions.30,24,35 However, under excitation at 417 nm (Figure 6)  
the observed emission band is extended from 465 to 
480 nm with maximum peak intensity at 471 which is due 
to the 5d → 2F7/2 transition and is fall in the blue region 
of the electromagnetic wave.30 Except the photolumines-
cence intensity, there is no significant change on the peak 
profile with the change of Ce3+ ion concentration. The 
photoluminescence intensity was found to increase with 
the increase of Ce3+ till it reaches 7at.%. Beyond this 
concentration the intensity was found to decrease upon 
excitation at both the wavelengths 370 and 417 nm. This 
decreases in the photoluminescence intensity beyond 
7at.% Ce3+ is due to the concentration quenching.36 This 
can be explained as the increase in the concentration of 
Ce3+ ion, inter ionic distances between the Ce3+ ions de-
creases. When the inter ionic distances among Ce3+ ions 
are lower than the critical distance, the non radiative en-
ergy transfer among the Ce3+ ions increases and results 
into the quenching of emission intensities.37

3.4  |  Optical property study

The absorption spectra of BiPO4:Ce3+ (7at.%) is shown in 
Figure 7A. The figure showed that the absorption band is ex-
tended in a wide range from UV to visible with maximum 
absorption in the UV region which indicates that the sam-
ple has the possibility to use as photocatalyst under UV-light 
irradiation. The energy band gap was determined using the 
formula for optical absorption:

�h�=A
(

h�−Eg

)n∕2
,

F I G U R E  7   (A) Absorbance spectra of BiPO4:7at.% Ce3+ (B) Band gap of BiPO4:7at.% Ce3+ calculated using Tauc plot. (α, absorption co-
efficient, h, Plancks constant, ν, photonic frequency, Eg, absorption energy gap, eV, electron volts)

F I G U R E  8   Photodegradation of Methylene blue under UV-light 
irradiation using BiPO4:7at.% Ce3+
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where α is the absorption co-efficient, h is the plancks con-
stant, ν is the photonic frequency, A is the constant relative to 
the material, Eg is the absorption energy gap, and n depends 
on the type of transitions (for direct transition, n = 1 and for 
indirect transition, n = 4). As BiPO4 exhibits indirect transition, 
the absorption energy band gap is determined by extrapolating 
the linear portion of the plot of (αhν)0.5 vs hν and it is shown in 
Figure 7B.15 The estimated energy band gap was found to be 
3.81 eV. This observed energy band gap is almost same with 
that reported in the literature.38

3.5  |  Photocatalytic activity study

The photocatalytic activity of the prepared BiPO4:Ce3+ 
(7at.%) was examined through the degradation of methylene 
blue dye under UV-irradiation. Figure 8 shows the absorb-
ance spectra of methylene blue dye at different time intervals. 
It was reported that methylene blue dye does not degraded 
itself.39 However with the addition of the prepared catalyst, 
the absorption spectrum was significantly decreased. The ab-
sorbance was recorded every 10 minutes and after 120 min-
utes of UV light irradiation 90% of the dye was degraded. On 
irradiation under UV light, the photogenerated electrons are 
introduced in the conduction band and photogenerated holes 
are produced in the valence band which are responsible for 
the degradation of methylene blue dye.40 The electrons in the 
conduction band of BiPO4 adsorbed O2 from water molecule 
and formed O−∙

2
, while the holes in the valence band interact 

with absorbed H2O molecules to form hydroxyl radicals. The 
O−∙

2
 and OH∙ decomposed Methylene blue to CO2 and H2O.41 

From this investigation it is believed that the prepared sample 

may have potential application in degrading the coloring or-
ganic dyes present in waste water.

3.6  |  Kinetics study

The kinetics involving the rate of degradation of methylene 
blue under UV-light irradiation was discussed. The order of 
the reaction was calculated by plotting a graph between ln 
[Ct] vs time, where Ct is the concentration of the dye at time t. 
The graph exhibited a negative slope which confirmed the re-
action followed a first order kinetic Figure 9A. Furthermore, 
ln [Co/Ct] vs time graph was plotted as shown in Figure 9B 
which showed that the degradation of methylene blue fol-
lowed first order Langmuir-Hinshelwood kinetics model and 
pseudo first order kinetics equation is given below.42

where Co and Ct represent the initial concentration of methy-
lene blue and final concentration of methylene blue at time t, 
respectively, k represents the first order kinetic rate constant and 
t is the time. The rate constant was calculated and found to be 
2.56395 × 10−2 min−1.

4  |   CONCLUSIONS

BiPO4:xCe3+ (x = 1,3,5,7,9,11at %) phosphors were syn-
thesized successfully by co-precipitaion method using 
ethylene glycol as reaction medium as well as capping 
agent. The prepared phosphors were characterized by 

ln
(

Co∕C
t

)

= kt,

F I G U R E  9   (A) Plot of ln[Co] vs time in minutes (B) Linear transform ln(Co/Ct) vs time in minutes of the kinetic curves of Methylene blue 
degradation. (ln, natural logarithm; Co, initial concentration; Ct, concentration at time t)
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XRD, UV-Vis scpectroscopy, SEM, and PL. The PL study 
showed a broad emission band extending from blue to green 
region upon excitation at 370 nm. The optimum concentra-
tion of Ce3+ was found to be 7 at.%. Photocatalytic analysis 
of BiPO4:Ce3+ (7at.%) sample revealed that 90% of the dye 
methylene blue could be degraded within 120 minutes of 
UV light irradiation. From the results it is believe that the 
prepared samples may have potential applications in solid 
state lighting as well as photocatalyst for the degradation 
of organic dyes.
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ABSTRACT
This work investigated the photoluminescence behaviour of Tb3+ doped BiPO4 nanophosphors 
synthesised by co-precipitation method using ethylene glycol. The prepared nanophosphors 
were characterised by XRD, SEM, FT-IR and PL spectroscopy techniques. Monoclinic phase was 
observed from the XRD and FT-IR studies. SEM image showed agglomeration of nanoparticles. 
In the emission spectra, band originated from 3P1–1S0 transition of Bi3+ ion and bands due to 5 

D4 → 7F6,5,4,3 transitions of doping Tb3+ ion were observed upon excitation at 351 nm. The 
emission intensity was found to accentuate with the increase in Tb3+ ion concentration upto 
3at. % and subsequently attenuated with further increase in Tb3+ ion concentration due to 
concentration quenching effect. The decay time of the prepared phosphors was also investi
gated. The CIE chromaticity diagram revealed a nearly white colour emission upon excited at 
351 nm. It is possible that the prepared phosphors may be useful for solid-state lighting.
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Introduction

Nanotechnology is one of the fastest growing technol
ogies in this modern era and it has been becoming an 
important tool for manufacturing advanced materials. 
Nano-sized materials exhibited physical and chemical 
properties rather different from counterpart bulk 
materials because of their smaller size, large surface 
area to volume ratio, large number of loosely bound 
bonds and unsaturated atoms on the surface [1,2]. In 
addition to this, they also have advantageous features 
such as reduced scattering of light, surface defect con
centration, etc. [2,3]. Moreover, quantum dots or 
nanomaterials in which the sizes less than 10 nm are 
becoming hot area of research owing to their out
standing optical and physic-chemical properties and 
their wide range of applications [4,5]. In past few 
decades, ZnO, TiO2 and CuO nanoparticles are widely 
studied because of their excellent performance in the 
fields of photocatalysis, sensors, quantum dots, bio
medicals, etc. [6–9].

It has been found that rare earth ion-doped inor
ganic phosphor materials have applications in various 
kinds of fields including solid state physics, photo
chemistry, biophysics, etc. [10–12]. These materials 
consist of two components: host material and activa
tor, doping rare earth ion acts as activator ion [13]. 
Among the various host materials, phosphate-based 
materials have been attracted as one the best host due 
to their high physico-chemical and thermal stability 
[14,15]. Among phosphate family, BiPO4 has several 

interesting properties such as high absorption edge, 
high stability in terms of chemical and mechanical 
stability as well as similar of ionic size of Bi3+ and 
lanthanide ions [16,17] and also has many potential 
applications in different fields such as ion sensing, 
catalysts, radioactive element separation, etc. [17–19]. 
In addition, BiPO4 can be crystallised in three different 
crystallographic forms: Hexagonal, low temperature 
monoclinic and high temperature monoclinic. In hex
agonal structure, Bi3+ ion is surrounded by eight oxy
gen atoms whereas in case of monoclinic phase it is 
surrounded by nine oxygen atoms [17]. The lumines
cent property of a phosphor is strongly dependent on 
its phase structure and many researchers have 
reported that low-temperature monoclinic structure 
of BiPO4 exhibit strongest luminescent property in 
comparison with other phases in case of BiPO4 [10].

In lanthanide ions doped luminescent materials, 
the luminescence property is generally originated 
from the electronic transition within the 4f electrons 
of doping lanthanide ions and since the 4f electrons of 
rare earth ion are shielded by 6s and 5p orbitals, the 
f-f electronic transitions of rare earth ions is not influ
enced by the outside environment thereby producing 
sharp absorption and emission bands. Doping of dif
ferent rare earth ions into the host lattice exhibited 
different emission colours. For examples, Ce3+ ion 
doping normally emits blue colour, Eu3+ exhibits red 
colour and Sm3+ exhibits orange colour [20–23]. 
Trivalent terbium ion generally gives green colour 
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due to the 5D4→7F5 electronic transition of Tb3+ ion 
[23] and it has potential applications in various fields 
including traffic signal, decoration, lighting and dis
play, etc. Moreover it is one of the components of 
white light. Therefore the present study investigated 
the luminescence property of Tb3+ ion-doped BiPO4 

synthesised by co-precipitation method using ethylene 
glycol as reaction medium. Since the luminescence 
property is strongly influenced by the concentration 
of doping ion, the effect of Tb3+ ion concentration has 
been investigated in order to get optimum emission. 
To the best of author’s knowledge there is no paper 
similar to our work reported yet.

Experimental section

Sample preparation

For the synthesis of BiPO4:Tb3+ phosphors, the che
micals used were Terbium nitrate hexatahydrate 
(Tb(NO3)3.6H2O) with 99.99% purity (Alfa Aesar), 
Bismuth nitrate pentahydrate (Bi(NO3)3 · 5H2O) 
with purity of 98% (Alfa Aesar), Ammonium dihydro
gen phosphate (NH4H2PO4) of 98% purity (Alfa 
Aesar) and the solvent Ethylene glycol (Merck). The 
typical synthesis steps are given as follows; first, the 
stoichiometric amounts of Bi(NO3)3 · 5H2O were 
mixed with 70 mL of ethylene glycol in a round bot
tom flask. Stoichiometric amounts of NH4H2PO4 and 
Tb(NO3)3 were added into the above solution. The 
solution was then refluxed at a temperature of 170 °C 
for 2 hrs. The white precipitate thus obtained was 
centrifuged, washed with distilled water for about 
4–5 times and then finally with acetone. The sample 
was dried in an oven at a temperature of 80°C for 12 
hrs. The same procedure was followed for preparing 
different doping concentrations of Tb3+ ion.

Characterisation of sample

The prepared samples were characterised by different 
characterisation techniques. The crystal structure and 
the phase composition of the prepared samples were 
determined using Bruker D2 phaser XRD with Cu Kα 
radiation (λ = 1.5406 A, Ni filter, 2θ = 15°-60° oper
ated at 30 kV and 100 mA). Shimadzu Iraffinity-1s FT- 
IR spectrometer was used for recording the vibrational 
spectra. Field emission scanning electron microscopy 
(FESEM) image was recorded by FEI Quanta 200 3D 
to see the morphology of the sample. The photolumi
nescence excitation spectra, emission spectra and 
decay time were recorded by Horiba FluoroMax-4CP 
Spectrofluorometer with 150 W xenon lamp and 25 W 
μsec flash lamp as excitation light sources. All the 
measurements were performed at room temperature.

Results and discussions

XRD study

The XRD patterns of the prepared undoped BiPO4 and 
0.5, 3 and 7at. % of Tb3+ ions doped BiPO4 nanopho
sphors are shown in Figure 1a, b. The XRD patterns of 
both doped and undoped BiPO4 nanophosphors 
showed monoclinic phase according to JCPDS card 
no. 15–0767 [24,25]. The diffraction peaks are sharp 
and well defined, revealing that the phosphors are well 
crystallised. No impurity peaks were detected in the 
XRD patterns of concentrations of 0.5 and 7at. % 
while peak due to impurity was detected at 2θ degree 
around 20 degree in the pattern of 3at. % Tb3+ doped 
BiPO4 and undoped BiPO4 nanophosphors. The dif
fraction plane [120] is shifted towards the higher angle 
(as shown in Figure 2) with the increase of Tb3+ ion 
concentration which is because of the substitution of 

Figure 1. XRD patterns of the prepared a) undoped BiPO4 b) BiPO4:xTb3+ (x = 0.5, 3, 7at. %).
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larger size Bi3+ (1.15 Å) with smaller size Tb3+ (1.01 Å) 
[26,27]. The calculated unit cell volume decreased with 
the increase in Tb3+ ion concentrations. From these 
above results it is indicated that the dopant Tb3+ ion 
has been successfully doped into the BiPO4. The calcu
lated lattice parameters, cell volume along with average 
crystallite size are provided in Table 1. The average 
crystallite size was calculated using Scherrer equation 

D ¼ 0:9λ=βcos θ 

Where, D represents the crystallite diameter, λ is 
the incident x-ray wavelength which has a value of 
1.5406 Å, β is the full width at half maximum and θ 
represents the angle of diffraction.

FT-IR spectroscopy and SEM study

Figure 3 shows the FT-IR spectrum of undoped BiPO4 

and BiPO4:Tb3+ (3 at. %). The peaks centring at 
around 1570 and 3550 cm−1 are corresponded to the 
bending and stretching vibrations of adsorbed water 
molecules [28,29]. The peak observed at around 
2360 cm−1 is ascribed to the ν3 anti-symmetric 
stretching mode of CO2 molecule adsorbed from the 
atmosphere [30]. The bands observed in the range of 
400 cm−1 and 1000 cm−1 are the characteristic bands 
of PO4

3-. The bands observed at 937, 960 and 991 cm−1 

are ascribed to the stretching symmetric vibrations 
(v1) of O-P-O linkage whereas the bands observed at 
545, 561, and 607 cm−1 are attributed to the bending 
vibrations of O-P-O linkage [28,31]. These observed 
bands are the characteristic bands of PO4

3- group in 
monoclinic structure. So the formation of monoclinic 
structure in the sample was supported by this FTIR 
study. No significant change in the FT-IR spectra of 
undoped BiPO4 and BiPO4:Tb3+ (3 at. %) was 
observed, this may be due to very low doping concen
tration of Tb3+. The field emission scanning electron 
microscopic image is used to examine the morphology 
of samples. The FESEM image of the synthesised 

Figure 2. Expanded view of the diffraction peaks in the 2θ 
range from 28.6 to 29.8 of Figure 1(b) which shows the 
deflection of the peak with concentrations.

Table 1. Calculated lattice parameters, cell volumes and crys
tallite sizes of undoped BiPO4 and Tb3+ ions doped BiPO4.

Tb3+ ion doping concen
trations (atomic 
percentage)

Lattice parameters Cell 
volume 
(V) Å3

Crystallite 
size (nm)a(Å) b(Å) c(Å)

0 6.801 6.795 6.392 290.584 30.45
0.5 6.790 6.793 6.390 290.250 28.29
3 6.777 6.695 6.386 289.602 20.70
7 6.770 6.691 6.382 289.158 25.02

Figure 3. FT-IR spectrum of undoped BiPO4 and BiPO4: Tb3+ (3at. %).
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BiPO4:Tb3+ (3at. %) is shown in Figure 4. It is seen 
that there is no clear shape observed and the particles 
exist as agglomeration.

Photoluminescence study

The photoluminescence excitation spectra are shown 
in Figure 5. The spectra were measured with the emis
sion wavelength of 544 nm. The spectra consist of 
a broad band at 285 nm originated from the 1S0→1P1 

electronic transition of Bi3+ ion [32] and sharp bands 
due to the electronic transitions within the 4f energy 
levels of doping Tb3+ ion. These sharp bands are 
observed at 377, 369, 351, 340 and 318 nm and they 
can be ascribed to the 4f electronic transitions such as 
7F6→5G6, 7F6→5L10, 7F6→5L9, 7F6→5L8 and 7F6→5H7 

of Tb3+ ion respectively [33,34]. Bi3+ can also have an 
electronic transition, i.e., 1S0→1P3 at 351 nm [35]. 
Hence the peak observed at 351 nm may be attributed 
to the overlapping of 1S0→1P3 transition with 
f-f transition of Tb3+ ion. As the peak due to 7F6→5 

L9 transition is stronger than the other excitation 
peaks, the emission spectra of all the samples were 
measured with the excitation wavelength of 351 nm. 
Figure 6 shows the emission spectra of BiPO4 nano
phosphors doped with different concentrations of Tb3 

+ ion. The spectra consist of a broad band with max
imum at 419 nm and four sharp peaks centring at 488, 
544, 582 and 620 nm, this broad band at 419 nm is due 
to the electronic transition from 3P1 to 1S0 of Bi3+ ion 
[35,36] and the sharp peaks are attributed to the 5D4 

→7F6, 5D4→7F5, 5D4→7F4 and 5D4→7F3 transitions of 
Tb3+ ion respectively [37,38]. It is also known that Bi3+ 

ion exhibited emission band in the wavelength range 
between 450 and 650 nm [39,40]. Therefore the emis
sion band observed from 450 to 650 nm may be due to 
the overlapping of emissions from Tb3+ ion and Bi3+ 

ion. With increased of Tb3+ ion-doping concentration, 
the emission band at 419 nm originated from Bi3+ ion 
is found attenuated and the emission band at 544 nm 
originated from Tb3+ ion was found increased. This 
indicates the transfer of energy from Bi3+ ion to Tb3+ 

ion [41]. Further, the emission intensity is attenuated 
beyond 3at. % of Tb3+ ion-doping concentration, it is 
due to the concentration quenching effect. So, the 
optimum concentration of Tb3+ is found to be 3 at. 
%. Due to the increase in the concentration of Tb3+ 

ion, the inter-ionic distance between the Tb3+ ions 
decreased. When the distance is lower than its critical 
distance non-radiative energy transfer among the 
doped Tb3+ takes place which leads to attenuation of 
emission intensity [42].

Lifetime study

The luminescence decay curves of the prepared Tb3+ 

ion-doped BiPO4 nanophosphors have been Figure 4. FESEM image of BiPO4: Tb3+ (3at. %).

Figure 5. PLE spectrum of BiPO4:x Tb3+ (x = 0.5,1,3,5,7at. %) (λemi = 544 nm).
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evaluated. The decay curves were measured by fixing 
the excitation and emission wavelengths at 351 and 
544 nm respectively for all the concentrations. The 
measured decay curves are shown in Figure 7. All the 
observed decay curves are well fitted by using bi- 
exponential equation [43]. 

I ¼ I1exp � t=τ1ð Þ þ I2exp � t=τ2ð Þ

Here I1 and I2 represent the intensities at two different 
time intervals and τ1 and τ2 represent their correspond
ing decay times. The decay behaviour for bi-exponential 
curve fitting of a phosphor lies on a) non-homogeneous 
distribution of dopant ions into the host lattice b) 

energy transfer from donor atom and c) defects present 
in the host and the presence of impurity [44]. The 
average decay time can be evaluated by using the fol
lowing equation 

τave ¼ I1τ1
2 þ I2τ2

2� �
= I1τ1 þ I2τ2ð Þ

The calculated average lifetime for the Tb3+ con
centrations of 0.5%, 1%, 3%, 5% and 7% are found to 
be 1.31, 1.49, 1.56, 1.76, and 1.83 ms respectively and 
their goodness of fitting (R^2) for the above concen
trations is 0.99958, 0.99978, 0.99994, 0.99972 and 
0.99969 respectively. These obtained lifetime values 
are in agreement with those reported in literatures 

Figure 6. PL spectra of BiPO4:xTb3+, (λexci = 351 nm) (x = 0.5,1,3,5,7at. %).

Figure 7. Photoluminescence decay curve of BiPO4:Tb3+ with bi-exponential fitting.
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[13,17]. And the parameters involved in the lifetime 
study are listed in Table 2.

CIE study

The Commission International de L’Eclairage (CIE) 
chromaticity diagram reveals the coordinates are very 
useful in determining the perceived colour of the 
emission of a phosphor [45,46]. The calculated colour 
coordinates from the emission spectra and their cor
responding co-related colour temperature are given in 
Table 3. The co-related colour temperatures (CCT) for 
Tb3+ ions doped BiPO4 were calculated by using 
McCamy’s equation [47,48]: 

CCT ¼ � 437n3 þ 3601n2 � 6861n
þ 5514:31 and n

¼ ðx � xeÞ=ðy � yeÞ;

Where x and y represent the calculated colour co- 
ordinates. The CIE chromaticity diagram for the pre
pared BiPO4 doped with different concentrations of Tb3+ 

ion upon excitation at 351 nm is shown in Figure 8. This 
diagram showed that the prepared samples emit nearly 
white colour under excitation at 351 nm.

Conclusion

In conclusion, the monoclinic structure of Tb3+ doped 
BiPO4 nanophosphors has been prepared successfully by 
co-precipitation method using ethylene glycol as reaction 
medium. Photoluminescence analysis revealed the typi
cal emission spectra of Tb3+ with maximum emission 
intensity at 544 nm due to 5D4-7F5 under excitation at 
351 nm. The optimum concentration of Tb3+ was found 
to be at 3at. %. Beyond this concentration the emission 
intensity decreases as a result of concentration quenching 
effect. The lifetime decay of prepared BiPO4:Tb3+ (3at. 

%) was found to be the maximum lifetime as compared 
to other prepared concentrations. From the CIE diagram 
it is observed that all the prepared nanophosphors 
emitted to nearly white colour. From these above results, 
it is believed that the prepared nanophosphors may have 
potential applications in the fields of solid state lighting, 
displays and other optical devices, etc.
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The lanthanide are the elements that follow lanthanum in the periodic table. 

Lanthanides elements are also known as f block elements due to their gradual filling of 

electron in the antepenultimate shell of f-orbital except lanthanum. The most stable 

oxidation state of lanthanides ions is +3, but Tb and Ce sometimes show +4 oxidation 

state. Similarly, Eu and Sm show +2 oxidation state as well. The +2 oxidation state of 

Eu and Sm are also stable due to their high value of the third ionization energy as 

compared to the rest of the lanthanides and the stability of +4 oxidation state in Tb and 

Ce can be explained from their electronic structure. One of the most interesting features 

of lanthanide ions is their photoluminescence properties. Since the 4f orbital in 

lanthanides is strongly shielded by the 5s and 5p electrons, their optical properties such 

as absorption and emission are usually narrow and sharp, which leads to the production 

of high color purity of the emitted light. Some of the lanthanide ions show luminescence 

in the visible regions while some others showed luminescence near-infrared spectral 

region upon UV light excitation such as Tb
3+

 emits in green region, Eu
3+

 in the red 

region, Tm
3+

 emits blue light and Sm
3+

 in pink or yellow orange region. Yb
3+

, Er
3+

 and 

Nd
3+

 are very well known ions that emit in near-infrared region. Some other lanthanide 

ions such as Sm
3+

, Pr
3+

, Dy
3+

, Tm
3+

 and Ho
3+

 also found transition in near-infrared 

region. They have potential applications in the fields such as fluorescent lamp 

phosphors, organic light emitting diodes, optical fibres for telecommunications, contrast 

agents for magnetic resonance imaging, biological assays. Those lanthanide ions which 

showed emission near the infrared region are useful for laser applications, 

telecommunication and optical amplifiers.  

 

Lanthanide ions doped materials have drawn particular attention for 

luminescence properties since they are applicable in laser materials, flat panel displays, 

cathode ray tube etc. But the optical efficiency of lanthanide ions doped materials is 

limited by the dynamics of lanthanide ions. The dynamics of dopant lanthanide ions 

hang on its interaction with the host materials. On the other hand, BiPO4 is considered as 

one of the best host for lanthanide ion doping owing to their several attractive properties 



such as high chemical and mechanical stability, high adsorption edge and similarity in 

their ionic sizes with the lanthanide ions. Moreover, it has various applications like 

solid-state lighting, supercapacitor, biomedical, photocatalyst etc. BiPO4 crystallized in 

three different crystallographic forms namely hexagonal, low-temperature monoclinic 

and high-temperature monoclinic phases. Normally the hexagonal phase of BiPO4 is 

obtained at low temperature below whereas low-temperature monoclinic phase and high-

temperature monoclinic phase are obtained at higher temperature. Hexagonal and 

monoclinic phases differ in their co-ordination number of Bi
3+

 ion. Bi
3+

 ions in 

hexagonal phase are being surrounded by eight oxygen atoms forming square anti-prism 

geometry while the Bi
3+

 ions in monoclinic phase are co-ordinated by nine oxygen 

atoms similar with monazite structure of lanthanide phosphate. Therefore, investigation 

on the photoluminescence properties of lanthanide ions doped BiPO4 is very exciting. 

 

In this research, BiPO4:Ln
3+

 (Ln=Ce, Tb, Eu, Sm) were synthesized using co- 

precipitation method and the prepared BiPO4:Ln
3+

 phosphors were characterized by 

using XRD, FT-IR, UV-Vis spectroscopy, SEM, TEM EDAX, SAED and PL 

techniques. The photoluminescence properties of various lanthanide ions doped in 

BiPO4 were also investigated. 

 

Chapter 1 

In this chapter, the general introduction of lanthanides and photoluminescence 

were reported. The types of different luminescence were listed out in details. The 

spectroscopic properties, as well as applications of lanthanide ions were also discussed. 

Different processes which are responsible for quenching of luminescence were also 

mentioned briefly. The reviews of literatures as well as scope of studies were reported. 

Researches on the development of lanthanide ions doped BiPO4 in last few decades were 

reviewed. 

 

 



Chapter 2 

Characterization of the synthesized materials is an important step required to 

discover the properties of the materials using the required instruments. This chapter 

discussed in detail about the various instrumentation techniques which were used in our 

research such as XRD, FT-IR, TEM, SEM, EDAX and Photoluminescence. Materials 

are characterized in order to find out the properties which they possess. The properties of 

a material depend on the morphology and size, these can be observed by recording TEM 

or SEM. Likewise, the property which indeed depending on the crystallinity of the 

materials can be perceived using XRD analysis. 

 

Chapter 3 

The synthesis of Ce
3+

 ion doped BiPO4 phosphors by co-precipitation method 

using ethylene glycol as capping agent was reported in this chapter. The morphology, 

phase structure and photoluminescence properties of Ce
3+

 ion doped BiPO4 phosphors 

were also discussed.  The formation of monoclinic phase was confirmed from XRD and 

FT-IR studies. SEM study revealed the rice shape morphology of BiPO4:Ce
3+

 (7at.%). 

Photoluminescence analysis showed a broad emission band extending in a wide 

wavelengths range with maxima around 419 and 470 nm was observed under excitation 

at 370 and 417 nm, respectively. These emission bands are attributed to 5d → 
2
F5/2, 

2
F7/2 

transitions of Ce
3+

 ion. The emission intensity was accentuated with the increase of Ce
3+

 

ion till 7at.% and subsequently attenuated with further increase of Ce
3+

 ion concentration 

due to the concentration quenching effect. Hence, the optimum concentration of Ce
3+

 ion 

doping was found to be 7at. %. The BiPO4:Ce
3+

 (7at.%) sample was characterized for 

the feasibility of photocatalytic degradation of methylene blue under UV light irradiation 

and 90% of the dye was degraded within 120 minutes. 

 

 

 

 



Chapter 4 

 This chapter reports the synthesis, characterization and photoluminescence 

behavior of Tb
3+

 ions doped BiPO4 phosphors synthesized by co-precipitation method 

using ethylene glycol as reaction medium. The effect of annealing temperature on the 

photoluminescence property was also repoted. The formation of low-temperature 

monoclinic phase was confirmed from XRD and FT-IR studies. From XRD study, 

change of phase structure from low-temperature monoclinic phase to high-temperature 

monoclinic phase was observed upon annealing at 1000
o
C. SEM image showed 

agglomeration of nanoparticles. TEM image revealed the formation of hexagonal shape 

morphology with particle size in the range of 8-20nm. In the photoluminescence study, 

the emission spectra showed four emission peaks centering at 488nm, 544nm, 582nm 

and 620nm under excitation at 351nm. These emission peaks were resulted due to 
5
D4 → 

7
F6, 

5
D4 → 

7
F5, 

5
D4 → 

7
F4 and 

5
D4 → 

7
F3 transitions of Tb

3+
 respectively. The emission 

intensity was accentuated with the increase of Tb
3+

 ion till 3at. % and subsequently 

attenuated with further increase of Tb
3+ 

ion concentration; which is due to the 

concentration quenching effect. For annealed samples, the emission peaks profiles were 

observed same except their emission peak intensities. The emission peaks intensities 

were found increased with increased of annealing temperature upto 800
o
C, then 

decreased when the annealing temperature reached 1000
o
C due to change of phase 

structure from low-temperature monoclinic phase to high-temperature monoclinic phase.  

The decay lifetime of the prepared samples were also investigated and found 1.8346 ms 

as the maximum lifetime.  

 

Chapter 5 

This chapter described the synthesis characterization and photoluminescence 

properties of hexagonal phase of Eu
3+

 doped BiPO4 nanophosphors. XRD study showed 

the change of phase structure from hexagonal to mixed phase of hexagonal and low-

temperature monoclinic phases and later on to pure low-temperature monoclinic phase 

upon annealing at 500
o
C and 800

o
C respectively. TEM images revealed the hexagonal 



shape morphology of the synthesized nanophosphors. Photoluminescence emission 

spectra showed the characteristic emission peak of Bi
3+

 at 420nm due to 
3
P1→

1
S0 

transition. The other emission peaks
 
at 594nm with a shoulder peaking at 589nm, peaks 

at 614nm with a shoulder peaking at 618nm, 654nm and the emission band in the range 

of 687nm to 701nm are attributed to 
5
D0-

7
F1, 

5
D0-

7
F2, 

5
D0-

7
F3, 

5
D0-

7
F4 transitions of Eu

3+
 

ion respectively. The optimum concentration of Eu
3+

 was found to be 8at. %. Further, 

the photoluminescence emission intensity increased with increased of annealing 

temperature upto 800
o
C due to the change in their phase structure from hexagonal phase 

to pure low-temperature monoclinic phase. The effect of pH of the reaction medium on 

the photoluminescence property of Eu
3+

 doped BiPO4 nanophosphors were discussed 

and emission intensity was found maximum at pH 7 but there occurred no change in 

their peaks profile. 0.5mM exhibited maximum emission intensity and the emission 

intensity decreased as CTAB concentration of the reaction medium increased due to the 

formation of agglomerated particles and larger particle size of the nanoparticles. The 

emission peaks profiles were the same only. 

 

Chapter 6 

This chapter discussed the synthesis characterization and photoluminescence 

properties of hexagonal phase of Sm
3+

 doped BiPO4 nanophosphors. XRD study 

revealed the formation hexagonal phase of the prepared sample and the change of phase 

structure from hexagonal phase to low-temperature monoclinic phase was observed 

upon annealing at 800
o
C. Change of morphology from rod shaped to spherical shape 

was noticed upon annealing at 800
o
C and the sizes also found increased upon annealing. 

The characteristic emission peaks of Sm
3+

 were exhibited at 563nm, 598nm and 645nm 

which are attributed to 
4
G5/2-

6
H5/2, 

4
G5/2-

6
H7/2, 

4
G5/2-

6
H9/2 transitions respectively. The 

optimum concentration of Sm3+ was found to be 5at. %. The emission intensity was 

found accentuated with increased of heating temperature which is due to the change of 

phase structure from hexagonal to low temperature monoclinic phase. 
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