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ABSTRACT 

INVESTIGATION OF PHOTOLUMINESCENT PROPERTIES OF 

RARE-EARTHS DOPED MIXED MULTICOMPONENT STRUCTURES 

OF PHOSPHOVANADATES 

 

Motloung Selepe Joel 

 

PhD Thesis, Department of Physics, University of the Free State 

 

Multicomponent structures of lanthanide phosphovanadate doped with various rare earth ions 

were successfully synthesized by solution combustion method.  These phosphor powders were 

prepared at 600±10oC using urea as a fuel. Selected series of samples were annealed at different 

temperatures ranging from (700 –1000oC) while others were annealed at 900oC for 2 hours, 

which was found to be the optimum temperature.  

 

The crystal structure formation, crystallite sizes, and surface morphologies of the prepared 

phosphor powders were identified by X-ray diffraction (XRD), high resolution transmission 

electron microscope (HR–TEM) and field emission scanning electron microscopy (FE–SEM). 

The elemental composition and the stretching modes of vibration of the samples were 

investigated by energy dispersive x-ray spectroscopy (EDS) and Fourier transform infrared 

(FTIR) spectrometer respectively. The diffuse reflectance measurements, which were used to 

estimate the band gap energies, were determined by ultraviolet/visible spectroscopy (UV–vis). 

The room temperature photoluminescence (PL) data, excitation and emission, were recorded 

using a HITACHI F700 fluorescence spectrophotometer.  

The XRD results revealed that GdVO4 and GdPO4 crystallized in a tetragonal structures. The 

results further indicated that the XRD peaks of GdV1-xPxO4 slightly shifted towards higher 



 
 
 

vi 
 

values of 2θ angles when the value of x (P content) was increased. The X-ray diffraction peaks 

of  GdV0.5P0.5O4 were found to be a combination of those of bulk GdVO4 and GdPO4. On the 

other hand, the lanthanum systems, LaV1-xPxO4 (x = 0, 0.25, 0.5, 0.75, 1), the XRD results 

confirmed the formation of monoclinic structure of LaVO4 for x = 0 and hexagonal structure 

of LaPO4 for x = 1. The results also revealed that the crystal structure changed from LaVO4 to 

LaPO4 when the value of x was increased from 0 to 1.  The XRD results for the yttrium system, 

YV0.5P0.5O4 in particular, showed that the peaks were a combination of those of bulk YVO4 

and YPO4. In general, the XRD results showed that all the annealed samples were highly 

crystalline, free of impurities and have small crystallite sizes.  Thus, the annealing temperature 

played a pivotal role to improve the crystallinity of the prepared powder samples. This was 

confirmed by the pronouncement of the distinct lattice fringes on the HR–TEM images. 

 

FE-SEM results revealed that the particles of the prepared powder samples are agglomerated 

for un-annealed samples and less agglomerated for the annealed samples. Generally, the FE-

SEM micrographs showed that the samples have different shapes and sizes. The incorporation 

of the dopants did not cause any noticeable change on the morphology of the prepared samples.   

The presence of all these dopants within the host materials were confirmed by EDS.  

 

The room temperature diffuse reflectance spectra revealed that the prepared powder samples 

mainly absorbed in the UV region. The DRS were mostly dominated by the absorption band in 

the range between 200 and 350 nm peaking at ~ 275 nm. In some instances, some weak   f→f 

bands were also observed beyond 350 nm. The band gap energies were found to be influenced 

by the phosphorus content within the samples as well as the dopant concentrations.  

The room temperature PL data revealed that the prepared powder samples could be excited 

with UV radiation and emit in the visible range. The strong broad band in the UV range between 
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200 and 350 nm was observed in almost all the samples, although there were minor f→f bands 

beyond 350 nm wavelength for other samples.  PL data also revealed that there was energy 

transfer from the host to the dopants and between the dopants for doubly doped samples. 

Generally, the PL intensity was influenced by the vanadium and phosphorus concentrations, 

the annealing temperature and the dopant concentrations.  

 

Keywords 

 

Multicomponent structures, terbium, samarium, thulium, X-ray diffraction, phosphovanadate, 

rare earths, energy transfer, quenching of luminescence, combustion synthesis. 
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Chapter 1:  Introduction 
  

1.1 Overview 

The large quality of human life depends on a large degree of energy, and this is threatened 

unless renewable energy resources are developed in the near future [1]. Following an increasing 

awareness of energy crisis, climate change and environmental issues, and with the pressure 

exerted by this to the sustainable development of the society, people are looking for alternatives 

to fossil fuel that do not emit carbon dioxide [2]. Concerns about present energy policy, which 

relies heavily on fossil fuels that cause the above said problems, require the development of 

renewable energy resources [3]. One possible solution to tackle this problem is firstly to 

consider the use of clean energy sources and some devices which can easily save on the cost 

during their manufacturing. 

 

Sunlight provides a clean, renewable and cheap energy source for people, while also serving 

as a primary energy source for another type of energy resources, such as water, bio-energy, 

wind energy and fossil fuel [4]. The conversion of solar energy (energy from the sun) directly 

into electricity is one of the most attractive renewable energy sources that could help replace 

fossil fuels and control global warming [5]. Since the first report in 1991 by O'regan and 

Grätzel, dye sensitized solar cells (DSSCs) have emerged as one of the most promising low-

cost alternative for renewable generation of electricity [6]. They (DSSCs) are currently 

considered highly promising as a method for efficient and economical conversion of solar 

energy into electric power. Their advantages have been challenging the conventional solar cells 

in various aspects such as various colours, semi-transparency, low cost fabrication processes, 

environmentally friendly and relatively high conversion efficiency [7, 8]. Because of all these 
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advantages, several studies have been carried out in recent years with the aim of improving the 

performance of DSSCs. 

 

A typical DSSC is composed of a mesoporous semiconductor metal oxide film, usually TiO2, 

a dye sensitizer, which is responsible for light harvesting, an electrolyte and a counter electrode 

[9, 10, 11, 12, 13, 14]. The principle of energy conversion in DSSCs is based on the absorption 

of a photon by the sensitizer leading to the excited sensitizer and injects electrons into the 

conductions band of the TiO2, leaving the sensitizer in the oxidised state. If the circuit is closed, 

the injected electrons flow over the external circuit through the TiO2 network to arrive at the 

counter electrode and reduce the oxidized form of the redox mediator. The dye is regenerated 

by popular redox couples (usually iodine/iodide) in electrolyte [15, 15, 17, 18, 19].  

 

Many groups have focused their efforts on improving and comprehending this sort of solar 

cells in different aspects. Nevertheless, DSSCs are still faced with major difficulties. Further 

improvement in the cost of fabrication, thermal stability and conversion efficiency is still 

needed. Nu H et al used axle-sleeve structured MWCNTs\PANI composite as a non-Pt material 

for counter electrode (CE) for DSSCs and they found the efficiency to be comparable to that 

of a DSSC consisting of expensive Pt CE [20]. Ahmad I et al reported another carbon 

nanomaterial based CE which demonstrated higher efficiency than Pt CE [9].  

 

Again, an enormous number of studies have been focused on the dye itself to improve the light 

harvesting [21, 22, 23]. These studies have shown that, even the best dyes can absorb only 

visible light. Thus, the energy rich UV radiation and infrared (IR) from the sun are not fully 

used [24, 25, 26]. Another way of improving the light harvesting is by synthesizing the 

luminescent material that will absorb UV and IR and re-emit in visible region so that it is 



 
 
 

3 
 

reabsorbed by the dye again. However, very limited studies have been undertaken on these 

materials. Thus, a detailed study is needed to prepare luminescent materials that can be applied 

and used as down converter in DSSCs. 

 

1.2 Problem Statement 

 

The largest challenge for our global society is to find ways to replace the slowly but inevitably 

vanishing fossil fuel supplies by renewable resources and, at the same time, avoid negative 

effects from the current energy system on climate and environment [27]. There are many 

sources of energy that are renewable and considered to be environmentally friendly. These 

include hydropower, geothermal, biomass, solar power etc. Among these sources, solar photo-

voltaic is a promising technology which has been demonstrated in renewable energy 

applications like solar cells, photoelectron-chemical conversion of CO2, water splitting, and 

waste water treatment [28]. Another candidate of interest is dye-sensitized solar cell (DSSC), 

which is known as a new class of photo-voltaic devices. This class has attracted much attention 

in the past two decades due to their attractive qualities such as low production cost, short energy 

payback time and convenience for multiple application purposes [29]. Therefore, this class of 

technology is considered as a promising alternative to conventional solar cells.  

 

On the other hand, the research has shown that the DSSCs have lower efficiencies output 

compared to Si based solar cells, and this has restricted them (DSSCs) to be a potential 

candidate for practical application [30]. Because of the low production cost of DSSC, our focus 

in this study was to synthesize down converting luminescent material which can act as a down-

converting layer when it is exposed to UV radiation. For the practical use of DSSC, thermal 

and chemical stability are as important as the conversion efficiency [31]. On that note, studies 

have shown that Ultraviolet (UV) irradiation is the main parameter which affects the thermal 
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stability of DSSCs [32]. Hence, the UV radiation was found to be deleterious for DSSCs. 

Secondly, when a DSSC is exposed to UV, the dye photo-oxidises rapidly and the iodine 

present in the electrolyte is consumed irreversibly [33]. Furthermore, these new class of solar 

cells can only absorb visible light [26] and most of the solar UV and infrared (IR) wavelengths 

are not fully utilized. Common strategy that is mainly used to avoid UV light is to use a UV 

filter to absorb UV rays. However, this method wastes some part of the solar energy. This study 

is aimed at synthesizing and characterizing luminescent materials that can be used as down 

converters in DSSCs. In this work, the solution combustion method was used to synthesize 

MV1-xPxO4:Ln3+ (M= Gd, La, Y and Ln= Dy, Sm, Tb Tm) phosphor powders. The structure, 

surface morphology, luminescent properties and decay characteristics are reported. 

 

1.3 Research objectives 

 

 To synthesize MV1-xPxO4:Ln3+ (M= Gd, La, Y and Ln= Dy, Sm, Tb Tm) phosphor 

powders by solution combustion method 

 To study the structure and surface morphology of MV1-xPxO4:Ln3+ (M= Gd, La, Y and 

Ln= Dy, Sm, Tb Tm) phosphor powders 

 To investigate the photoluminescence properties of MV1-xPxO4:Ln3+ (M= Gd, La, Y 

and Ln= Dy, Sm, Tb Tm) phosphor powders 

 To study the effect of annealing temperature on the structure and photoluminescence 

properties of LaV1-xPxO4:Ln3+ (Ln= Dy, Sm, Tb) phosphor powders 

 To study the effect of Tm3+ co-doping on the structure and photoluminescence 

properties of YV0.5P0.5O4: Sm3+ phosphor powders 

 Conduct a comparative study on Sm3+ and Tm3+ co-activated MV0.5P0.5O4 (M= Gd, La 

and Y) 
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1.4 Thesis Layout 

 

Chapter 2 provides a theoretical background on concepts such as phosphors, luminescence 

(photoluminescence), energy transfer, quenching of luminescence, properties of rare earths, 

lanthanide ortho –vanadates and –phosphates and their structures. Chapter 3 provides a brief 

description of the synthesis method and characterization techniques used in this study. Chapter 

4 discusses structure and photoluminescent properties of green-emitting terbium-doped GdV1-

xPxO4 phosphor prepared by solution combustion method. Chapter 5 discusses dual emission 

from Sm3+ and Tm3+ activated gadolinium phosphovanadate. Combustion synthesis and 

characterization of Sm3+ and Tm3+ co-activated yttrium orthovanadate phosphate is discussed 

in chapter 6. In chapter 7, synthesis and characterization of Ln (Dy, Sm, Tb) activated 

lanthanum ortho-phosphovanadate is discussed. Chapter 8 discusses the effect of annealing 

temperature on the structure and optical properties of lanthanum rare earth doped 

phosphovanadate. Chapter 9 deals with the synthesis and characterization of MV0.5P0.5O4: 

Sm3+
, Tm3+ (Ln = Gd, La, Y): Comparative study. Lastly, chapter 10 provides a summary of 

the thesis and possible future work. The list of publications and conference attended are also 

included 
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Chapter 2 Theoretical overview 
 

2.1 Introduction 

This chapter discusses briefly the conceptual and a few selected theoretical background on the 

basic principles of phosphors, luminescence, energy transfer model, quenching of a 

luminescence and some crystal structures of REVO4 and REPO4 (RE = Gd, La and Y). 

 

2.2 Phosphors 

A phosphor is a material that exhibit light when exposed to electromagnetic radiation (e.g. 

ultraviolet radiation) [1] and it can be in the form of a powder or a thin film. This process of 

emission of light by materials is called luminescence. Phosphors are mostly inorganic solid 

materials consisting of a host lattice, usually intentionally doped with impurities such as rare 

earth ions and transition metals [2]. These impurities, which are intentionally introduced into 

the material, are referred to as activators [3]. Depending on the desired application(s), a 

phosphor can be incorporated with one, two or three activators not only for the production of 

different colours but also to efficiently enhance the luminescent intensity. On the other hand, 

if there are more than one activators incorporated into the matrix, then the second activator 

serves as a co-activator.   

 

2.3 Luminescence 

Luminescence is the phenomenon of emission of light from a material when it is exposed to 

external incident photon energy. This phenomenon can be due to the structural defects or the 

presence of impurities intentionally incorporated into the matrix. These imperfections within 

the material usually induce energy levels inside the band-gap or “forbidden band” between the 

valance and conduction band.  
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Luminescence can be classified into two main processes, namely, phosphorescence and 

fluorescence. The first one (phosphorescence) is usually a very slow process in which emission 

continues for few seconds, minutes or even hours after removing the source of excitation, 

whereas fluorescence is mainly a fast process in which emission stops abruptly after turning 

off the excitation source [4].  

 

Furthermore, luminescence can be categorized based on the type of excitation used. For 

example, if the source of radiation is by heat, the luminescence will be termed 

thermoluminescence. If the source of radiation is through an electromagnetic radiation then is 

termed photoluminescence (PL). Cathodoluminescence is termed if the excitation source is by 

a beam of energetic electrons, electroluminescence occurs when the source of excitation is an 

electric current, triboluminescence occurs when the excitation source is by mechanical energy 

such as grinding. When the excitation source is by X-rays, the luminescence is termed x-ray 

luminescence. Chemiluminescence occurs when the material is excited by the energy of a 

chemical reaction and bioluminescence is generated by living organisms. In this study, the 

main emphasis was on the PL studies and the process will be discussed in details in the next 

section. 

 

2.3.1 Photoluminescence (PL) 

There are two major types of photoluminescence, namely, intrinsic and extrinsic 

photoluminescence. The intrinsic photoluminescence is observed in materials which contain 

no impurity atoms whereas extrinsic photoluminescence is caused by intentionally 

incorporated impurities and in most cases metallic impurities or defects [5]. 
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2.3.1.1 Intrinsic photoluminescence 

Intrinsic luminescence does not involve any foreign impurities, but it is a characteristic of the 

host lattice. There are numerous factors responsible for intrinsic photoluminescence. These 

include vacancies, structural imperfections, like, poor crystal ordering damage due to radiation 

and shock damage among others. Intrinsic photoluminescence can be categorized into three, 

namely, band to band, exciton and cross luminescence. 

 

2.3.1.2 Extrinsic photoluminescence 

Extrinsic photoluminescence is a direct consequence of the intentionally incorporated 

impurities present within the structure. Most of the observed types of luminescence that are 

practical applications belong to this category [5]. This type of luminescence in ionic and 

crystals and semiconductors can be classified into two types, namely, localized and 

unlocalized. In a delocalized luminescence the excited electrons and holes of the host lattice 

participate in the luminescence process, while in a case of the localized luminescence the excitation 

and emission processes are confined in a localized luminescence center, the host lattice does not 

contribute to luminescence process [5]. 

  

2.4 Energy transfer 

Energy transfer is the process whereby energy is transferred from one system to another. The 

process of energy transfer in phosphors involves interaction between two luminescent centers 

referred to as the sensitizer (energy donor) and the activator (energy acceptor) and this 

interaction can be an exchange interaction (e.g. spectral or wave function overlap) or an electric 

or a magnetic multipolar interaction [4]. A luminescent center (donor) which is primarily 

excited by incident light and subsequently transfers the excitation energy to another 

luminescence center (acceptor) [6]. There are two main classes of energy transfer mechanisms, 
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namely, radiative and non-radiative. Each process relies on the overlap between the emission 

spectrum of the donor and the absorption spectrum of the acceptor.  

 

Generally, the energy transfer can be explained by two phenomena, namely, Dexter exchange 

and Förster resonance. In the former, the donor and acceptor orbitals must overlap with each 

other, while in the later, the energy from the donor is transferred to the acceptor through a long 

range coloumbic interaction [7].  Energy transfer can happen between non-identical or identical 

luminescence centers.  In the first situation, energy transfer process occurs only when the 

luminescence centers exhibit identical energy gaps between the ground state and the higher 

energy state. In the second situation, after absorbing energy by ions of the same type, ion one 

(donor) transfers its part of the energy to ion two through non-radiative transfer and relaxes to 

the ground state. Then, ion two (acceptor) is promoted to a higher energy state [8]. The process 

of energy transfer can also occur between the host crystal and the activator(s) leading to host 

excitation luminescence [7]. In this study, energy transfer was evaluated between both host to 

activator(s) and non-identical centers.  

 

2.4 Quenching of luminescence  

Luminescence quenching refers to the decrease in luminescence intensity in light emitting 

materials. There are various factors responsible for luminescence quenching including high 

temperatures and increased impurity concentrations. Quenching of luminescence resulting 

from higher temperatures is referred to as thermal quenching, while the one resulting from 

higher concentrations is called concentration quenching. 

 

Thermal quenching can be defined as a reduction in luminescence intensity due to an increase 

in temperature.  It occurs at high temperatures when thermal vibrations of atoms surrounding 
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the luminescent center transfer energy away from the center resulting in a non-radiative 

recombination, and a subsequent depletion of the excess energy as phonons in the lattice [4].   

 

On the other hand, the intentionally incorporated impurities (activators) to the matrix can be 

added in small concentration, usually less than 10%. Each phosphor has an optimum activator 

concentration to produce maximum luminescence output. Increasing the concentration of the 

activator beyond this optimum concentration usually result in the decrease in the luminescence 

output. This phenomenon is called “concentration quenching”. The origin of this effect is 

thought to be the result of the excitation energy that is lost from the emitting state due to cross 

relaxation, which is called non-radiative energy transfer between activators [9].  

 

2.6 Properties of rare earths  

The rare earth elements (REE), also simply called rare earths (RE) or rare earth metals (REM) 

are a group of 17 elements. These elements are highlighted in the following periodic table 

(figure 2.1) 

 

Figure 2.1. Periodic table of the elements showing the division between LREEs and HREEs 

[10]. 
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This group consist of the elements scandium (Sc), yttrium (Y) and the 15 so called lanthanides 

(Ln) which are the elements lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium 

(Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), 

dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Th), ytterbium (Yb) and lutetium (Lu). 

The two elements, that is, scandium (Sc) and yttrium (Y), are considered rare earth elements 

only because they tend to occur in the same ore deposits as the lanthanides and exhibit similar 

chemical properties.  

 

The rare earth elements can be categorized into two groups based on the electron configuration 

of each rare-earth element. The first group extends from lanthanum, atomic number 57 to 

gadolinium, atomic number 64 and it is called light-group rare earth elements (LREEs). The 

other group, extending from terbium, atomic number 65 to lutetium, atomic number 71 is called 

heavy-group rare earth elements HREEs. 

 

The electronic structure of the RE atoms can be described in terms of a core of filled shells 

equivalent to the xenon (Xe) atom, and the following configuration: 4fn 5d 0-1 6s2. This gives a 

complete configuration as follows: [Xe]54 4fn 5s25p65d0-16s2 (n = 1, 2, . . . . . , 14). Furthermore, 

after 5s25p65d0-1 s2 orbitals have been filled, the 4f shell will be filled gradually from n = 0 to 

14 electrons. The 4f electrons of RE elements are well shielded by the full 5s25p6 sub-shells 

and are deep-seated near the nucleus because they are “localized” and have lower energies. In 

the case of cerium (Ce), there is one 4f electron and the number of 4f electrons increases 

steadily through the group, until there is 13 (4f13) for Ytterbium and the filled shell 4f14 for 

Lutetium [6]. 
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2.7 Lanthanide orthovanadates  

Phosphors (luminescent materials) absorb energy at various wavelength ranges (UV, visible 

light, infrared rays and so on) and emit many kinds of visible colors. Various luminescent 

materials are being developed currently, and their performance is improving. Among 

luminescent materials, rare earth orthovanadate compounds have been widely studied for their 

useful luminescent properties and unusual magnetic characteristics. Moreover, they show 

excellent thermal and chemical stability. These materials have been employed as highly 

efficient laser diode pumped micro-lasers, an efficient phosphor and as attractive polarizer 

materials [11]. Furthermore, they can be conveniently doped with trivalent lanthanide ions in 

order to develop luminescent materials widely used in optics and photonics [12].  

 

Due to the similar ionic radii, electronic structures and electronegativities, yttrium, gadolinium 

or lutetium ions can be replaced easily with luminescence-active rare earth (RE3+) ions (e.g. 

Eu3+, Er3+, Yb3+, Ho3+, Sm3+or Tm3+), in a wide range of concentrations, without strongly 

affecting the lattice structure [13]. It is well known that these lanthanide orthovanadates 

crystallize in two polymorphs, namely, monoclinic (m-) monazite-type and tetragonal (t-) 

zircon-type. With increasing ionic radius, lanthanides (Ln3+) ions show a strong tendency 

towards monazite-structured orthovanadate on account of the higher oxygen coordination 

number of 9 compared to 8 of the zircon type [14]. Some crystal structures of GdVO4, LaVO4 

and YVO4 are shown in section 2.8. 

 

2.8 Lanthanide orthophosphates  

Lanthanide or rare-earth orthophosphates are very interesting class of host lattices for activator 

ions because of their variety of favorable properties. These properties include, among others, 

low water solubility, high refractive index (YPO4 = 1.76, LaPO4 = 1.85, GdPO4 = 1.97), high 
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density (YPO4 = 4.22, LaPO4 = 5.0, GdPO4 = 6 g/cc) which make them suitable candidates for 

a variety of applications [15]. They belong to the family of LnPO4 phosphors and have received 

considerable attention in the past few years due to their high absorption and high luminescence 

efficiencies under vacuum ultra-violet (VUV) excitation. In addition, these orthophosphates 

possess high thermal and chemical stability properties [16].   

 

As a lanthanide inorganic compound, lanthanide orthophosphates belong to the types of 

monoclinic monazite and the hexagonal xenotime [17]. If the ionic radius of the cation is 

smaller than that of Gd, the material will have the tetragonal (I41/amd, Z = 4) zircon structure 

[18]. Most of the other orthophosphates have the lower-symmetry monoclinic (P21/n, Z = 4) 

monazite structure. LaPO4, specifically, one member of the rare earth orthophosphate family, 

exhibit five kinds of polymorphs: monazite (monoclinic, naturally abundant), xenotime 

(tetragonal, naturally abundant), rhabdophane (hexagonal), weinschenkite (monoclinic), and 

orthorhombic [19]. Some crystal structures of GdPO4, LaPO4 and YPO4 are shown in the next 

section 
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2.9 Crystal structures of gadolinium, lanthanum, and yttrium systems 

 

  

 

Figure 2.2. Crystal structure of (a) GdVO4 [20] and (b) GdPO4 [21]. 

 

(b) 

 

(a) 
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Figure 2.3. Crystal structure of (a) LaVO4 [22] and (b) LaPO4 [23]. 

 

(a) 

 

(b) 
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Figure 2.4. Crystal structure of (a) YPO4 [24] and (b) YVO4 [25].  

 

 

(b) 
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The gadolinium systems (GdVO4 and GdPO4 crystals) are formed by GdO8 polyhedron and 

V/PO4 tetrahedron. Gd3+ ions located in dodecahedral coordination are linked with eight 

neighboring O2- ions and V5+/P5+ ions are tetrahedrally coordinated with O2- ions [20, 26]. This 

is shown in figures 2.2 (a) and (b). In the lanthanum orthovanadate system (LaVO4), each 

vanadium atom is at the center of distorted tetrahedron of oxygen. La exhibits an irregular 

coordination by nine oxygen atoms [22]. On the other hand, lanthanum orthophosphate system 

(LaPO4) consists of PO4 tetrahedra that are corner sharing only with LaO9 polyhedra [27]. The 

crystal structures of lanthanum orthovanadate and orthophosphate are shown in figures 2.3(a) 

and (b) respectively. The yttrium systems (YVO4 and YPO4 crystals), adopt a tetragonal 

structure, with Y surrounded by 8 oxygens and V/P surrounded by 4 oxygens. Between YO8 

and V/PO4 units, 2 oxygens are corner-sharing. V/PO4 (tetrahedron) has S4 symmetry whereas 

YO8 (dodecahedron) has D2d symmetry [24, 25]. This is illustrated in figures 2.4 (a) and (b) 

respectively. 

 

2.10 Phosphovanadates 

It was mentioned in section 2.6 and 2.7 that lanthanide orthovanadates and orthophosphate are 

very important hosts for rare earths and they exhibit excellent thermal and chemical properties. 

Since vanadium and phosphorus share almost the same properties, the two systems can be 

combined to form a mixture of both vanadate and phosphate group called lanthanide 

orthovanadate-phosphate or simply phosphovanadate. In this study, the multicomponent 

structures of rare earth phosphovanadates (MV0.5P0.5O4) doped with different rare earth 

trivalent ions were prepared and their structure, surface morphologies and luminescent 

properties were investigated. 
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Chapter 3 Experimental and research techniques 
 

3.1 Introduction 

The phosphor powders reported in this thesis were synthesized by solution combustion method. 

Various characterization techniques including X-ray diffraction (XRD), field emission 

scanning electron diffraction (FESEM), energy dispersive x-ray spectroscopy, high resolution 

transmission electron microscopy (HRTEM), Fourier transform infrared spectrometer (FTIR), 

UV-Vis spectrophotometer (UV-Vis) and fluorescence spectroscopy (PL) were used to 

characterize these phosphor powders. XRD, HRTEM and FESEM were used for the crystal 

structure, phase identification and surface morphology. The stretching modes of vibration of 

the samples were determined by FTIR. UV-Vis was used to obtain the diffuse reflectance 

measurements. The photoluminescent properties were investigated by using fluorescence 

spectroscopy F7000.  This chapter also discusses the method of synthesis (solution combustion 

method) and presents a brief description of each technique used for characterization of 

lanthanide phosphovanadate phosphors. 

 

3.1.1 Method of synthesis 

Over the past decade, extensive efforts have been devoted to the synthesis of the nanoparticles 

because of their unusual physical and chemical properties when compared to their bulk counter 

parts. To date, a considerable number of preparation methods have been reported [1]. These 

methods include co-precipitation [2], hydrothermal [3], solvothermal [4], sol-gel [5], 

combustion method [6] and solid-state reaction [7]. For this study, a solution combustion 

method was used to synthesize the mixed multicomponent structures of rare earth activated 

phosphovanadate. 
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A combustion synthesis (CS) or self-propagating high-temperature synthesis (SHS) is an 

effective energy saving method for the synthesis of a variety of advanced materials [8]. A 

combustion process involves a redox (reduction – oxidation) reaction between an oxidizer such 

as metal nitrates and an organic fuel such as urea (CH4N2O), carbonhydrazide (CH4N4O), citric 

acid (C6H8O7) or glycine (C2H5NO2) [9]. The choice of hydrate nitrates is mostly preferred 

compared to other salts because of their good solubility in water which allows them to maintain 

a highly homogeneous solution, and urea, on the other hand, is the most convenient fuel that 

can be used in the combustion processes because of its relatively low price, availability, 

commercially grade and safety [10]. The other special feature about this method is the fact that 

it can be conducted in two ways. Firstly, both the oxidizer and the fuel can be mixed together 

to form a paste. Secondly, the same primary reactants can now be mixed in an aqueous solution 

by using a deionized water [11]. Thus, the latter preparation route in comparison to other 

preparation methods, which are time consuming, expensive and sometimes complex, has 

distinct advantages such as low cost fast process, with energy and time saving to produce pure 

nano crystalline powders [12]. 

 

3.1.2 X-ray diffraction (XRD) 

X-ray powder diffraction (XRD) is a non-destructive, quick analytical technique and it is 

mainly used for phase identification of a crystalline material. It is a technique used to 

characterize the crystallographic structure, crystallite size (grain size), preferred orientation in 

polycrystalline or powdered solid samples and it is also a common method for determining 

lattice strains in crystalline materials [13]. The measuring principle is based on the reflection 

of X-rays by matter.  
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The basic principle for data acquisition is based on the fact that a beam of of X-rays from the 

source will strike the sample. During this process, some X-rays get absorbed and others are 

mainly reflected. However, because of the diffraction, there will eventually be the presence of 

some waves overlapping which depend on the geometrical orientation which can generate 

constructive and destructive interference. If the Bragg Equation (3.1) is fulfilled a maximum 

of the reflected intensity is mainly detected.  

 sin2 hkldn                                                        3.1 

where , d  and   are the wavelength, lattice spacing and the angle respectively. Figure 3.1 

shows a schematic diagram of XRD. 

 

Figure 3.1 Schematic representation of XRD operation [14]. 

 

The X-ray hits the sample with an adjustable angle θ. The intensity of the reflected beam is 

then measured with a detector. The source or detector (sometimes both) moves in such a way 
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that the angle between them is always 2θ. X-ray-reflexes can only be detected if any lattice 

plane with the Miller indices (h k l) fulfils the equation (3.1). The value of dhkl for tetragonal 

and monoclinic structures can be found by using equations 3.2 and 3.3 respectively. 
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where h, k, l are the Miller indices of the diffracting planes, a, b, c are the axes and β is the 

angle. The measured spectra show maxima of intensity at certain angles due to constructive 

interference. The crystalline phases inside the sample can be identified and the prominent peaks 

can be assigned, by comparing the spectra to references from the Joint Committee on Powder 

Diffraction Standards (JCPDS) data. The X-ray diffractometer used in this study was Bruker 

D8 Advanced Powder Diffractometer.   

 

3.1.3 High resolution transmission electron microscopy (HRTEM) 

Transmission electron microscopy is an imaging technique in which a beam of electrons is 

focused onto a specimen causing an enlarged image to either appear on a fluorescent screen or 

layer of photographic film, or to be detected by a CCD camera [15]. The basic column of a 

transmission electron microscope is shown in figure 3.2.  

 

The electrons are produced from the electron gun situated at the top of the system. The electron 

gun is usually thermionic tungsten which can be resistively heated to 2800 K in a vacuum of 

0.1 mPa to give an electron sufficient energy to overcome the work function of the metal. The 
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anode potential is considerably higher than in an SEM and is typically 100 – 400 kV [16]. The 

generated beam of electrons is focused into a tight, coherent beam by system of electromagnetic 

lenses and apertures then focused onto a thin sample. The beam has enough energy for the 

electrons to be transmitted through the sample. The transmitted electron signal is greatly 

magnified by a series of electromagnetic lenses [15]. The magnified transmitted signal may be 

observed in either an electron diffraction mode or direct imaging mode. Data is accumulated 

from the beam after it passes through the sample. The electron diffraction mode is employed 

for crystalline structure analysis, while the image mode is used for investigating the 

microstructure, e.g. the grain size and lattice defects [15]. In this study, Jeol-Jem 2100 

transmission electron microscopy was used to study the crystallinity and the surface 

morphology of the powder samples. 

 

 

Figure 3.2 Schematic diagram of electron diffraction in the TEM [17]. 
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3.1.4 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a technique whereby a beam of energetically well-

defined and highly focused electrons is scanned across a material (sample). The microscope 

uses a lanthanum hexaboride (LaB6) source and is pumped using turbo and ion pumps to 

maintain the highest possible vacuum. The technique can provide information about 

topography, morphology and crystallography. If the system is equipped with energy dispersive 

x-ray spectrometer (EDS), it can also provide information about chemical composition of the 

material [18].  

 

The process starts with the electrons emitted from the electron gun. The electron beam, which 

typically has an energy ranging from a few hundred eV to 100 keV, is attracted to the anode, 

condensed and focused by the condenser lens and the objective lens into a beam with a very 

fine focal spot. The beam passes through pairs of scanning coils or pairs of deflector plates in 

the electron optical column, typically in the objective lens, which deflect the beam horizontally 

and vertically so that it scans in a raster fashion over a rectangular area of the sample surface. 

During this process, the beam produces, among others, secondary and backscattered electrons 

from the measured sample. These electrons are collected by a secondary electron or a 

backscattered electron detector, converted to a voltage, and amplified. Thus, the X-ray energy 

will be converted into a voltage signals, and sent to a pulse processor, which measures the 

signals that passes onto an analyzer for data display for further analysis. As the beam continues 

to scan through the sample surface, the display beam will be synchronized. A schematic 

diagram of SEM is shown in figure 3.3. 
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Figure 3.3 Schematic drawing showing the electron column, the deflection system and the 

electron detectors [17]. 

 

The elemental composition on the other hand, was determined using energy dispersive x-ray 

spectroscopy (EDS) usually fitted onto the SEM instrument. EDS analysis utilizes 

characteristic x-rays coming from the surface when the high-energy electrons strike the sample. 

The normal operating acceleration voltages, to generate the high-energy electrons, range 

between 20 and 30kV. The penetration depth of the electrons into the sample depends on the 

accelerating voltage. The generated x-ray photons enter a lithium drifted silicon detector, Si 
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(Li), in which electron-hole pairs are created. An electron from an outer higher-energy shell 

then fills the hole, and the difference in energy between the higher energy shell and the lower 

energy shell is released in the form of an X-ray. These x-rays are characteristic of the difference 

in energy between the two shells, and of the atomic structure of the element from which they 

were emitted. In this study, Jeol JSM-7800F field emission scanning electron microscope (FE-

SEM) fitted with Oxford Aztec 350 X-Max80 energy-dispersive X-ray spectroscopy (EDS) 

was used to study the surface morphology and the elemental composition of the prepared 

powder samples. 

  

3.1.5 Fourier Transform Infra-Red spectroscopy (FTIR) 

Infrared (IR) spectroscopy is a non-destructive analytical technique used to identify organic 

and inorganic compounds [19]. It is a method of obtaining infrared spectra by first collecting 

an interferogram of a sample signal using an interferometer and then performing a Fourier 

Transform on the interferogram to obtain the final spectrum [20]. In the infrared spectroscopy, 

IR radiation is mainly passed through a sample where some radiation is absorbed by the sample 

and some of it is passed through (transmitted). The resulting spectrum represents the molecular 

absorption and transmission, creating a molecular fingerprint of the sample.  

 

The selection rule on this fingerprint is that there are no two unique molecular structures which 

produce the same infrared spectrum. This makes infrared spectroscopy useful for several types 

of analysis such as identifying unknown materials as well as the amount of components in a 

given mixture [21]. 

 

FTIR system consists of three basic parts. Although an interferometer is the essential part, 

radiation source and a detector are also equally important. A block diagram of FTIR 
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spectroscopy is shown in figure 3.4. The IR beam emitted from the source enters the 

interferometer. The beam is split into two by a beam splitter upon entering the interferometer. 

One beam reflects off from a flat fixed mirror while the other beam reflects off from a flat 

movable mirror. These two beams later recombine to form interferogram. The incident beam 

to the interferometer is used for wave calibration, mirror position control and to collect data of 

the spectrometer. The beam enters the sample chamber where it is transmitted through the 

sample. Then the detector detects the beam for measurement [22].   

 

 

Figure 3.4. Fundamental components of an FTIR spectrometer [14]. 

 

 

3.1.6 Ultraviolet-Visible spectroscopy (UV-VIS) 

When the electromagnetic radiation in a certain medium is projected towards a solid material, 

the light waves are reflected, absorbed or transmitted and the ability of materials to absorb and 

reflect is an important parameter that is used by the ultraviolet and visible (UV-Vis) 

spectroscopy to identify how phosphor materials respond to electromagnetic radiation [23]. 

UV-Vis absorption spectroscopy measures of the attenuation of a beam of light after it passes 

through a sample or after reflection from a sample surface [24].  
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Figure 3.5. A schematic diagram showing (a) specular and (b) diffuse reflection. 

 

The measurement of radiation reflected from a surface constitutes the area of spectroscopy 

known as diffuse reflectance spectroscopy (DRS). Diffuse reflectance spectrometry has one of 

the two components of the reflected radiation from an irradiated sample, namely specular 

reflected radiation and diffuse reflected radiation. Reflection of light or radiation from a smooth 

surface is called specular reflection while reflection from a rough surface is referred to as 

diffuse reflection and the processes are shown in figure 3.5. 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Schematic diagram of integrating sphere. 
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UV-Vis diffuse reflectance spectrophotometry consists mainly of four main components, 

namely light source (usually Deuterium and Tungsten lamps), integrating sphere, sample holders 

and detectors. An integrating sphere is an optical device used to collect and measure 

electromagnetic radiation. It has a hollow spherical cavity with its interior covered with a 

diffuse white reflective coating, with small holes for entrance and exit ports. Simplified 

diagram of an integrating sphere is shown in figure 3.6. 

 

Figure 3.7 Schematic diagram of UV spectroscopy [14]. 

 

The sample, which is confined within an integrating sphere, is irradiated with UV and/or visible 

radiation. Some of the incident radiation absorbed by the sample while some is diffusely 

reflected. The diffuse reflected radiation is detected by the detector, which subtracts the 
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collected radiation from the source radiation to determine the amount that has been absorbed. 

The reflectance data can be converted to absorbance by Kubelka-Munk equation 3.3 [25].  

 

R

R

S

K
RF

2

)1(
)(

2
      3.3 

 

Where K is the absorption, S is the scattering and R is the reflectance of the sample. This 

equation is very important for approximating the band gap energy. The block diagram of UV 

system is shown in figure 3.7. The UV spectroscopy used in this work was UV-vis 

spectrophotometer Lambda 950 (PerkinElmer).  

 

3.1.7 Photoluminescence spectroscopy (PL) 

Photoluminescence (PL) spectroscopy is a non-destructive, non-contact method for probing an 

electron structure of the materials [15]. When electromagnetic radiation is directed onto a solid 

material, the electrons in the ground state upon the absorption of the external photons will 

eventually get promoted to the excited state. Later the electrons are de-excited to their lower or 

ground state and, thus, releasing the absorbed radiation in a form of photons (light). This 

process of emission of light is called luminescence. Thus, the radiative part of the relaxation 

following the excitation is the essence of luminescence spectroscopy.  

 

The photoluminescence instrument used in this study was mainly using a continuous Xenon 

lamp with the power of ~ 50W. This instrument is coupled with a variable wavelength ranging 

from 200–1000nm. There are mainly two types of luminescence spectra that can be obtained 

from PL instrument, namely excitation and emission spectrum respectively. The emission and 

excitation spectra are characteristic of the phosphor sample. The excitation spectrum gives 

information on the position of excited states while an emission spectrum provides information 
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on the spectral distribution of the light emitted by a phosphor sample. Figure 3.8 shows optical 

system of fluorescence spectrophotometer.  

 

 

 

Figure 3.8 Schematic diagram of the optical system of the F-7000 fluorescence 

spectrophotometer [26]. 

  

The fluorescence of phosphors is usually visible because the excitation wavelength is usually 

in the UV region and the corresponding emission occurs in the visible region of the spectrum. 

Practically, all fluorimeters will have at least five components, which include the source, two 

wavelength discriminators, a sample holder and a detector. The PL system used in this work 

was HITACHI F-7000 fluorescence spectrophotometer. 
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Chapter 4 Structure and photoluminescent properties of green-

emitting terbium doped GdV1−xPxO4 phosphor 

prepared by solution combustion method 
Luminescence 31(2016) 1069–1076 

4.1 Introduction 

Gadolinium orthovanadate (GdVO4) and orthophosphate (GdPO4) based phosphors have been 

extensively investigated owing to their interesting properties such as high melting point, low 

water solubility, high chemical and thermal stability, efficient energy absorption and transfer 

[1 - 4]. For these reasons, they are extensively applied as lasers, ceramics, sensors, phosphors, 

and heat-resistant materials [5 - 7].  GdPO4 belongs to two polymorphic types, namely, the 

hexagonal type (for hydrated) and monoclinic monazite type (for anhydrous) [8].  GdVO4 also 

has two polymorphs, namely tetragonal (t-) LnVO4 with zircon structure and monoclinic (m-) 

LnVO4 with monazite structure.   

 

The other interesting part here is the fact that the combination of both vanadate and phosphate 

can form a multicomponent system called orthovanadatephosphate. This system is mainly 

achieved by partial replacement of V5+ ions by P5+ ions (or P5+ by V5+) in the GdVO4 (or 

GdPO4) system. However, by cautiously controlling the annealing temperature and the content 

of V5+ and P5+ in the system, gadolinium orthovanadatephosphate (GdV,PO4) compound 

usually forms a tetragonal structure [9]. Many reports have demonstrated that this compound 

is an excellent host for rare earth ions to prepare light emitting materials or phosphors that can 

be used in different types of light emitting devices.  

  

Very often than not, rare-earths dopant ions are incorporated in either orthophosphate (LnPO4) 

or orthovanadates (LnVO4) host lattices to prepare phosphors.  The two hosts are seldom mixed 

together to form multicomponents structures of both vanadate and phosphate. Various methods 



 
 
 

40 
 

ranging from wet chemistry to solid state reaction used to prepare lanthanide orthovanadate-

phosphate have been reported [10 - 14]. In the current study, we report a straightforward, cost 

effective and time saving solution combustion process for the preparation of terbium activated 

gadolinium orthovanadatephosphate (GdV,P)O4:Tb3+) phosphors.  These materials have the 

potential to be used as down-converters in solar cells. In addition, terbium activated gadolinium 

orthovanadate (GdVO4:Tb3+) and orthophosphate (GdPO4:Tb3+) were also prepared and are 

discussed. 

 

4.2 Experimental 

4.2.1 Synthesis 

Gadolinium nitrate hexahydrate (Gd(NO3)3.6H2O), ammonium metavanadate (NH4VO3), 

ammonium phosphate (NH4H2PO4), terbium nitrate hexahydrate (Tb(NO3)3.6H2O) and urea 

(CH4N2O) were used as starting materials.  All the chemicals were of analytical grade and were 

used without further purification. 

The GdV1─xPxO4, (where x = 0, 0.25, 0.5, 0.75, and 1) powder phosphors doped with Tb3+ (1 

mol %) were prepared by combustion method. The basic principle of combustion method is 

that once the reaction is initiated at a chosen ignition temperature, a self-sustaining exothermic 

reaction takes place in a short time interval (approximately 5 minutes). There are many 

important parameters such as generation of flame, ignition temperature, liberation of gas, 

background atmosphere, and fuel-oxidant ratio that play an important role in the combustion 

method. Therefore, in order to ensure reproducibility extreme care must be taken to control 

these parameters during the synthesis.  In a typical preparation, stoichiometric amounts of 

Gd(NO3)3.6H2O, NH4VO3, NH4H2PO4, Tb(NO3)3.6H2O and urea were dissolved in deionized 

water.  After vigorous stirring, a pale yellow homogeneous solution was obtained.  The solution 

was then transferred into a muffle furnace set at 600 ± 10 oC.  Due to this high temperature, the 
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water evaporated and the reagents decomposed and released large amount of gases.  The 

resulting powders were cooled down in air to room temperature and were ground gently using 

pestle and mortar.  

 

4.2.2 Characterization 

For the structure and phase identification, the powder samples prepared were characterized by 

XRD (Bruker D8 Advanced Powder Diffractometer).  The X-ray radiation used during the 

measurement was a CuKα source (λ= 1.5406 Å).  Reflectance spectra were measured using 

UV-vis spectrophotometer Lambda 950 (PerkinElmer).  The photoluminescence (both 

excitation and emission) data were recorded using a Hitachi F700 fluorescence 

spectrophotometer.  Particle morphology and elemental composition of the materials were 

analyzed using Jeol JSM-7800F field emission scanning electron microscope (FE-SEM) fitted with 

Oxford Aztec 350 X-Max80 energy-dispersive X-ray spectroscopy (EDS). The stretching modes of 

vibration of the samples were analyzed using Nicolet 6700 Fourier transform infrared (FT-IR) 

spectrometer.  

 

4.3 Results and discussion 

4.3.1 Crystal Structure of GdVO4 and GdPO4.H2O 

Figures 4.1 (a) and (b) show the crystal structures of GdVO4 and GdPO4.H2O, respectively, 

drawn using the diamond software [15]. These structures were drawn by comparing our 

measured XRD data with the standard JCPDS standard data, which we requested from the 

Leibniz Institute for information infrastructure based in Germany. The GdVO4 crystallized in 

a tetragonal with zircon structure having space group of I41/amd (No. 141) [16 - 20].  It has 

got four molecular units per unit cell and high symmetry [19].  The overall structure of GdVO4 

is formed from an alternating edge-sharing tetrahedron groups [VO4] and bisdisphenoids 
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[GdO], forming chains parallel to the c-axis [16, 20].  V5+ ions in tetrahedron groups [VO4]
-3 

are arranged with O2- ions tetrahedrally [16, 20] in which a V-O distance is 1.710 Å [16].  Gd3+  

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Schematic representation of (a) GdVO4 zircon-type (b) GdPO4 monazite -type 

crystal structure. 

(a) 

(b) 
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ions (with point symmetry D2d of Gd3+, without inversion symmetry) are joint within a distorted 

dodecahedron (eight fold) coordination of eight neighboring O2- ions [16, 20].  The Gd-O bond 

lengths in the dodecahedra groups [GdO8] are divided into two sets: 1- four short bonds on the 

x-y plane with 2.344 Å; and 2- four long distance along z-axis with 2.461 Å [16, 20].  The 

schematic structure of GdVO4 is shown in figure 4.1(a).  

 

 GdPO4 has a monoclinic lower-symmetry in space group P21/n (No.14) also known as 

monazite structure [22 - 26].  The monazite structure can be viewed as a low-symmetry 

derivative of the zircon structure [25, 26].  The GdPO4 composed of [PO4] tetrahedra and 

[GdO9] polyhedral [20, 22].  In this structure, gadolinium is surrounded by nine atoms of 

oxygen to form [GdO9] polyhedrons, and all the Gd-O bond distances are not strictly identical 

and as a result the GdO9 polyhedron is highly asymmetric [21, 23, 24].  The schematic structure 

of GdPO4 is shown in figure 4.1(b).  

 

4.3.2 X-ray diffraction  

The XRD patterns of GdVO4 and GdPO4∙H2O powder phosphors are presented in figure 4.2, 

and they were indexed to tetragonal phases of GdVO4 and GdPO4∙H2O referenced in the 

standard JCPDS files no 86-0996 and 39-0232 respectively. The lattice strains and crystallite 

sizes were estimated from the Williamson-Hall equation: 

 

D




9.0
sincos             4.1 

 

where D is the crystallite size,   is the lattice strain, λ is the wavelength of the x-ray radiation 

(1.5418Å), β is the full width at half maximum intensity and θ is the diffraction angle at the 
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peak position. The lattice strain and the crystallites size were found to be 0.025 and 22 nm 

respectively for GdVO4 whereas for GdPO4.H2O were 0.05 and 10 nm respectively.  

 

Figure 4.2(b) shows the XRD patterns of GdV1−xPxO4: 1:% Tb3+ with x = 0, 0.25, 0.5, 0.75 and 

1.0. The sample with x = 0, the XRD spectrum exhibit the trend of GdVO4 (shown in figure 

4.2(a)) and the pattern showed a perfect match with the diffraction pattern of the standard 

tetragonal structure  (JCPDS file no. 86-0996), while for x = 1, the pattern displays the trend 

of GdPO4.H2O (the same as that shown in figure 4.2(a)) and the powder phosphors  was found 

as hydrate and the diffraction peaks match well with that of standard tetragonal structure for 

GdPO4.H2O (JCPDS file no. 39-0232). It is clear from the XRD spectra that the introduction 

of Tb3+ ions did not affect the main structure of the prepared powder phosphors. This implies 

that the Tb3+ ions (ionic radius ~ 0.092 nm) have successfully substituted the Gd3+ ions (ionic 

radius ~ 0.0938 nm) because they have approximately the same ionic radii.   

 

Furthermore, as the value of x is increased, the XRD peaks slightly shifts from GdVO4 system 

to GdPO4 system. Similar behavior was also observed by Singh et al and they attributed this to 

the difference in ionic radii of P5+ (~ 0.17Å) and V (~0.35Å) [27]. The XRD pattern of the 

sample with x = 0.25 exhibits the trend of GdVO4 and this is because the molar concentration 

of vanadium is more than that of phosphorus in this material. On the other hand, the sample 

with x = 0.75 favours that of GdPO4 and this is due to higher concentration of phosphate in the 

sample. The sample with x = 0.5 has diffraction peaks associated with GdVO4 and GdPO4. 

Thus, it can be concluded that the multicomponent structures of Gd(VP)O4 were successfully 

prepared. 
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Figure 4.2. XRD patterns of pure GdVO4 and GdPO4.H2O and (b) GdV1-xPxO4: 1 mol % Tb3+ 

with x=0, 0.25, 0.5, 0.75 and 1.0. 
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(b) 

 



 
 
 

46 
 

4.3.3 Scanning electron microscopy 

Figure 4.3(a) shows the SEM image of the GdV0.5P0.5O4: 1 mol % Tb3+ powder phosphor.  This 

image shows that the powder consisted mainly of agglomerated and spherical particles. Chen 

attributed agglomeration to high surface energy [28].  When the size of the particles becomes 

smaller, the surface area increases and this leads to the high surface energy. This can be avoided 

by employing the capping agents (CAs). If they (CAs) are not used, often the particles try to 

balance or minimize their surface energy by creating aggregates. On the other hand, at high 

temperatures, the particles may join together, but after the combustion gases cool below the 

melting point of the condensed material, the liquid freezes and combination effectively stops. 

The particles then produce a chain of agglomerates. This agglomeration is a common feature 

in high-temperature systems which is the case in the present study. Figure 4.3(b) shows the 

size distribution histogram of GdV0.5P0.5O4: 1 mol % Tb3+. The image-J software was used to 

determine the particle size distribution for at least 29 particles in sample and the sizes range 

from 21 nm to 200 nm. The average particle sizes was approximately 48 nm.  

 

   

 

Figure 4.3 (a) SEM image (b) size distribution histogram of the GdV0.5P0.5O4: 1 mol % Tb3+.  
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Energy dispersive x-ray spectroscopy (EDS) confirmed the presence of all the main elements 

(i.e. Gd, V, P, O and Tb) as shown in figure 4.4.  The result further confirms that Tb3+ ion has 

been successfully incorporated into the host lattice as confirmed by the photoluminescence 

data.  The carbon element was also detected by EDS and it is believed to be coming from the 

carbon tape used for mounting the sample. The inset in figure 4.4 gives the weight percent of 

all the elements in the as prepared powder phosphors. The concentration of Gd by weight 

exceeds those of all other elements and the least concentration (also by weight) was recorded 

from Tb3+ as shown in the inset of figure 4.4. 

 

    

 

 

Figure 4.4 EDS spectrum of the as prepared GdV0.5P0.5O4: 1 mol % Tb3+ powder phosphors.  

 

 

 



 
 
 

48 
 

4.3.4 Fourier transform infrared (FTIR) analysis 

The FT-IR spectrum of the as-prepared GdV0.5P0.5O4: 1 mol. % Tb3+ powder phosphor is shown 

in figure 4.5. The bands located at 551, 629 and 1075 cm1 are attributed to O-P-O bending 

vibrations. The band centred at 825 cm1 is due to V-O stretching while the bands located at 

1380, 1638, 2365 and 3452 cm1 are assigned to the H-O-H stretching vibrations. [29, 30, 31] 

 

 

Figure 4.5 FT-IR spectrum of the as prepared GdV0.5P0.5O4: 1 mol % Tb3+ powder phosphors. 

 

4.3.5 UV-vis Spectroscopy 

Figure 4.6 (a) shows the diffuse reflectance spectra of GdV1−xPxO4: 1 mol % Tb3+ (x=0.25, 0.5, 

0.75) powder phosphors samples.  A gentle decrease in the reflectance starts at about 576 nm 

for all the samples, except for the sample with x = 1, due to the absorption. The absorption band 

in the range between 200 and 350 nm can be ascribed to the absorption of [(V,P)O4]
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[31, 32].  A weak band at about 450 nm is attributed to f→f transitions of Tb3+ ions.  To evaluate 

the band gap energy, the transformed Kubelka-Munk reflectance (figure 4.6(b)) was used.  The 

estimated band gap energies are listed in table 4.1.  These values are consistent with the once 

reported by [33].  It is therefore evident from the table that the bad gap energy increases with 

an increase in P5+ molar concentration.   

 

 

 

 

Figure 4.6. (a) The diffuse reflectance spectra (b) Transformed Kubelka-Munk reflectance of 

GdV1-xPxO4: Tb3+ with x=0.25, 0.5, 0.75 powder phosphors. 
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Table 4.1. The band gap energies of GdV1-xPxO4:1mol %Tb 3+ (x = 0.25, 0.5, 0.75) powder 

phosphors samples. 

Sample Name Energy gap (eV) 

GdVO4: Tb3+ ~ 3.8 

GdV0.75P0.25O4: Tb3+ ~ 3.8 

GdV0.5P0.5O4: Tb3+ ~ 3.8 

GdV0.25P0.75O4: Tb3+ ~ 4.0 

GdPO4: Tb3+ ~ 5.2 

 

 

4.3.6 Photoluminescence Spectroscopy 

 

In Figure 4.7 (a) the photoluminescence excitation spectra of GdV1−xPxO4: 1 mol % Tb3+ 

powder phosphors samples with x = 0, 0.25, 0.5, 0.75 and 1 measured by monitoring the 

emission wavelength at 545 nm at room temperature are shown.  All the samples consist of a 

strong broad band ranging from 200 to 350nm with a maximum at 250nm; except for the 

sample with x = 1, which shows a weak band at a relatively longer wavelength (~384nm). The 

excitation spectrum for the sample with x = 1 shows two distinct relatively narrowband 

excitation peaks at 218 and 275nm, which protrude from a broad band at 250 nm as observed 

in the other samples shown in the inset, and the weak excitation bands at 311, 351 and 374nm. 

The strong broad band at 250nm is attributed to the charge transfer from the oxygen ligands to 

the central V in the [V/PO4]
3− group (34), whereas the weak band at 384 nm arises from f→f 

transitions of Tb3+ (35,36). The results obtained for x = 1.0 are consistent with the report by 

Mei et al. (37), who ascribed the peak at ~ 218 nm to the spin allowed f→d transitions of Tb3+ 

ions, while the other band at ~ 275nm is attributed to 8S7/2→
6Ij transitions of Gd3+ ions. The 
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wavelength range at which the strong broad band extends, suggests that the prepared material 

may be a good candidate for the absorption of UV radiation or photons. 

 

 

Figure 4.7 (a). Excitation spectra of GdV1-xPxO4: 1mol % Tb3+ powder phosphors with x=0, 

0.25, 0.5, 0.75 and 1.0. 
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has relatively strong intensities compared to other emission spectra from different 

concentration of x, the emission peaks of these other concentrations get suppressed.  Therefore, 

the excitation and emission spectra of the other concentrations (x = 0.25, 0.5 and 0.75) other 

than x = 1 were plotted as shown in the inset of figures, 4.7(a) and (b).  

 

 

Figure 4.7(b). Emission spectra of GdV1-xPxO4: 1mol % Tb3+ powder phosphors with x=0, 

0.25, 0.5, 0.75 and 1.0. The PL emission spectrum with x = 1 is excluded in the inset. 

 

Figure 4.8 represents the intensities of the dominant green emission 5D4 → 7F5 of GdV1-xPxO4: 

1 mol % Tb3+ as a function of increasing values of x. The results showed that the intensity 

increases with an increase in the value of x.  For this work, the highest emission intensity is 

obtained from x = 1 and this suggest that the GdPO4 is found to be the perfect matrix for the 

incorporation of Tb3+ ions. 
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Figure 4.8. The intensities of the green emission (5D4→
7F5) of GdV1-xPxO4:1mol %Tb3+ as a 

function of x values. 

 

The proposed mechanism for photoluminescence excitation, emission and the energy transfer 

(ET) from the host (samples x = 0, 0.25, 0.5 and 0.75) to the dopant in the as-prepared powder 

phosphors are illustrated in figure 4.9(a).  The excitation and emission process involves three 

steps. The first step is the absorption of the UV radiation by the host.  The energy from the 

excited carriers/ions/electrons is then transferred to 5D3 state of Tb3+ ions followed by non-

radiative (NR) process to 5D4.  Then the de-excitation process takes place from 5D4 to 7Fj (j = 

3, 4, 5, 6) and produces green color.   

 

Figure 4.9(b) illustrates a proposed mechanism of the simplified Tb3+ energy level diagram 

(sample with x = 1) which shows the photoluminescence excitation and emission transition 

process. Upon excitation with wavelength of 275 nm, the Tb3+ ions are excited and fall into 
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5D3 and 5D4.  This process is followed by the de-excitation of the excited Tb3+ ions and produces 

green emission. 

 

Usually, with a low doping concentration of Tb3+ in the host matrix, the transitions of 5D3 to 

7Fj dominate and produce blue colored emissions. However, if the Tb3+ concentration is 

increased, the cross relaxation from 5D3 to 5D4 occurs due to the interaction between Tb3+ ions, 

which enhances the transitions from 5D4 to 7Fj with a green emission.[38, 39] 

 

        

 

Figure 4.9. (a) Schematic representation of energy level diagram and proposed energy transfer 

mechanism (b) Schematic representation of Tb3+ energy level diagram and proposed 

mechanism. 

 

The photoluminescence decay curves of GdV1-xPxO4 activated by 1 mol % Tb3+ that compares 

the decay time when the value of x is increased are presented in figure 10.  The decay curves 

were recorded when the samples were excited at 275 nm.  The spectra show a similar trend 
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with rapid decay at first and then followed by the slower one.  To find the average life time, 

each spectrum was fitted with the double exponential decay: 

 

)exp()exp(
2

2

1

1
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



           4.2 

 

where I is the decay intensity, A1 and A2 are constants, 
1  and 

2  are rapid and slow lifetimes 

respectively and t is the time. The double exponential fit was used because the decay curve is 

composed of two components, namely, the rapid component at first (i.e from 0 to 50 ms) and 

a slow component from 50 ms to the end. The fast decay component is attributed to non-

radiative recombination that involves an enhanced multiphonon decay of localized exciton 

states, while the slow component is attributed to the radiative decay of these localized exciton 

states [40,41]. In addition, Dutta et al [42] attributed multi-exponential decay to factors such 

as the difference in non-radiative probability for lanthanides ions at or near surface and those 

at the core of particles, inhomogeneous distribution of the doping ions in the host materials, 

and the transfer of excitation energy from the donor to lanthanides activators. The average 

lifetimes for each sample were calculated from equation (3) and are presented in table 2. These 

values are dependent on the values of x, with the highest value recorded when x = 0.25.   
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where   is the average life time.  
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Figure 4.10 Decay curves of GdV1-xPxO4:1mol %Tb 3+ (x = 0, 0.25, 0.5, 0.75 and 1) powder 

phosphors.  

 

Table 4.2 A table showing the average lifetimes of GdV1-xPxO4:1%Tb 3+ (x = 0, 0.25, 0.5, 0.75 

and 1) powder phosphors. 

Sample   (s) 

GdVO4:1 mol% Tb 3+ 0.408 

GdV0.75P0.25O4:1 mol% Tb3+ 0.429 

GdV0.5P0.5O4:1 mol% Tb 3+ 0.457 

GdV0.25P0.75O4:1 mol% Tb3+ 0.477 

GdPO4:1 mol% Tb 3+ 0.441 
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4.4 Conclusion 

 

GdV1-xPxO4: 1 mol % Tb3+ was successfully synthesized using solution combustion method. 

The XRD data showed that the prepared powder has a tetragonal structure for the sample with 

x = 0 and x = 1. Furthermore, the XRD peaks of GdV0.5P0.5O4: 1 mol %Tb3+ are intermediate 

between that of GdVO4 and GdPO4.H2O indicating that the phosphate ions were successfully 

incorporated into GdVO4 matrix.  Our UV-Vis and PL emission data indicate that our materials 

absorbed UV radiation and re-emit in the visible region. That is, the primary excitation energy 

was absorbed by the host in the UV region and transferred to Tb3+ luminescent centre resulting 

in an enhanced green emission. Both the PL intensity and decay times were shown to be 

dependent on the values of x with the greatest PL intensity recorded from the sample with x = 

1 while the greatest average decay time was recorded from the sample with x = 0.25 
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CHAPTER 5 Dual emission from Sm3+ and Tm3+ activated 

gadolinium phosphovanadate 
ICCBN2015 Proceedings, 617—633 

5.1. Introduction 

Rare earth orthovanadates and orthophosphates with general formula RMO4, where R = Sc, Y, 

La, Gd or Lu and M = V or P, are important host for rare-earths (lanthanides) ions [1] to prepare 

light emitting materials or phosphors.  Among this orthovanadates or orthophosphates, 

gadolinium orthovanadates (GdVO4) and orthophosphate (GdPO4) have been extensively 

studied due to their excellent chemical stability, high thermal conductivity and high index of 

refraction [2]. GdVO4 crystallizes in a tetragonal with zircon structure having space group of 

I41/amd (No. 141) [3-6] while GdPO4 has a monoclinic lower-symmetry in space group P21/n 

(No.14) which is also called monazite structure [7-11]. The combination of both vanadate and 

phosphate can form a multicomponent system called orthovanadatephosphate or 

phosphovanadate [VO4]
3- [12- 16]. Depending on the molar ratio of vanadium (V5+) to 

phosphorus (P5+) in the system and annealing temperature, gadolinium phosphovanadate can 

crystallize in a tetragonal structure and become an excellent host for rare earth ions [17].  

 

Many researchers have demonstrated that preparation of gadolinium phosphovanadate with 

specific molar concentration ratio of vanadium to phosphorus improves the photoluminescence 

emission intensity [2] of the dopant ions. Depending on the choice of the dopant, the emission 

of gadolinium phosphovanadate phosphor can be tuned such that a single emission is observed 

[15]. On the other hand, in a dual- or multi-emission, the phosphor usually contains more than 

one dopant material or a single dopant at its multiple oxidation states [18]. The incorporation 

of more than one dopant ions may lead to emission intensity enhancement due to energy 

transfer from one of the ions to the other, in which case only a single emission will be observed. 

One other possibility might be the reduction in the emission intensity, in which case dual-
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emission will be observed. Depending on the desired application, the photoluminescence 

emission of these phosphors can be tuned to produce either single or dual-emission. 

 

In this study, Sm3+/Tm3+ single doped and Sm3+-Tm3+ co-doped gadolinium phosphovanadate 

were synthesized by solution combustion process with the aim of finding the optimal molar 

concentration ratio of the dopants (i.e. Sm3+ and Tm3+) for the production of dual-emission to 

explore its potential application as down-converters in dye-sensitized solar cells or DSSCs. The 

solution combustion method of preparation was chosen because of, among other things, ability 

to produce high purity materials with better homogeneity, and it is also cost effective and time 

saving. 

 

5.2. Experimental 

5.2.1 Synthesis 

The multi-component systems of samarium and thulium doped gadolinium phosphovanadate 

(GdV0.5P0.5O4: Sm3+, Tm3+) were synthesized by solution combustion method. The starting 

materials: AR grade 99.99% gadolinium (III) nitrate hexahydrate (Gd(NO3)3.6H2O), 

ammonium metavanadate (NH4VO3), ammonium phosphate (NH4H2PO4), urea (CH4N2O), 

samarium nitrate hexahydrate (Sm(NO3)3.6H2O) and thulium nitrate hexahydrate 

(Tm(NO3)3.6H2O) were dissolved together in de-ionized water in appropriate weights to form 

the necessary precursor solutions. The mixtures were stirred vigorously at a temperature of ~ 

70 oC for 30 min using magnetic stirrer until homogeneous yellowish solutions were formed. 

The solutions were then transferred into different crucibles, that were subsequently transferred 

into a furnace preheated to the temperature of 600 ± 10 oC. As a result of exothermic reaction 

that took place, the final products were fluffy ashes. The resulting combustion ashes were 

allowed to cool down in air to room temperature and were manually ground gently using pestle 
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and mortar to obtain a fine powder. The synthesized powders were annealed at 900oC for 2 

hours in air. 

 

5.2.2 Characterization 

The structure and phase identification, of the powder samples were characterized by XRD 

(Siemens D5000 powder Diffractometer). The X-ray radiation used during the measurement 

was a CuKα source (λ= 1.5406 Å). Reflectance spectra were obtained by using UV-Vis 

spectrophotometer Lambda 950 (PerkinElmer). The photoluminescence (both excitation and 

emission) data were recorded using a Hitachi F700 fluorescence spectrophotometer. The 

morphology and elemental composition of the materials were obtained using Jeol JSM-7800F 

field emission scanning electron microscope (FE-SEM) fitted with Oxford Aztec 350 X-Max80 

energy-dispersive X-ray spectroscopy (EDS). 

.  

5.3. Results and discussion 

5.3.1 X-Ray diffraction 

The phase structure, purity and crystallinity of the prepared powder phosphors were 

investigated by XRD. Figure 5.1 shows the XRD pattern of GdV0.5P0.5O4: Sm3+, Tm3+ powder 

phosphors annealed at 900oC for 2 hours. The XRD results indicate that the powder phosphor 

is well crystalline and the diffraction peaks were found to be consistent with the tetragonal 

structure known from bulk gadolinium vanadate referenced in JCPDS 72-0277. These results 

are in good agreement with the data reported by Park et al [2].  The XRD pattern further 

revealed that all the peaks are slightly shifted towards the higher 2θ angles. This behavior is 

probably due to strains caused by the difference in ionic radii of vanadium (~ 0.54 Å) and 

phosphorus (~ 0.35 Å) [19]. The diffraction peaks marked with * at 2θ = 27.74o and 29.63o 

were indexed at (200) and (120) peaks of GdPO4 [20].  
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Figure 5.1. XRD patterns of GdV0.5P0.5O4: 3 mol % Sm3+, 2.5 mol % Tm3+. 

 

It should also be noted that the XRD peaks are broadened and this is an indication that the 

prepared phosphor material has small crystallite size. Both the lattice strain and the crystallite 

sizes were estimated from equation 4.1. The estimated lattice strain and crystallite size were 

found to be 0.009 and 20 nm respectively. 

 

5.3.2 Scanning electron microscopy 

The scanning electron microscopy (SEM) was used to investigate the surface morphology of 

the prepared samples. Typical SEM images of the selected GdV0.5P0.5O4: Sm3+, GdV0.5P0.5O4: 

Tm3+ and GdV0.5P0.5O4: Sm3+, Tm3+ are shown in figure 5.2(a-c). The prepared phosphor 

powders showed different particle sizes and shapes. These shapes include among others, three 

dimension tetragonal, hexagonal and spherical particles with less agglomeration.  
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Figure 5.2. SEM images of (a) GdV0.5P0.5O4: Sm3+ (b) GdV0.5P0.5O4: Tm3+ (c) GdV0.5P0.5O4: 

Sm3+, Tm3+ and (d) EDS spectrum of 3 mol % Sm3+, 2.5 mol % Tm3+. 

 

 

Energy dispersive x-ray spectroscopy (EDS) confirmed the presence of all the main elements 

(i.e. Gd, V, P, O, Sm and Tm) as shown in figure 5.2(d). The results further confirm that Sm3+ 

and Tm3+ ions have been successfully incorporated into the host lattice as confirmed further by 

photoluminescence spectroscopy data.  The small percentage of carbon element was also 

detected by EDS and it is due to the carbon tape used for mounting the sample. The inset of 

figure 5.2(d) gives the weight percent of all the elements in the as prepared powder phosphor. 

The concentration of Gd is approximately 69 % and O2 is about 16 %. Phosphorus and 

vanadium have about 8 and 6 % respectively. 

(c) 
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5.3.3 UV-Vis spectroscopy 

The optical absorption properties of the prepared phosphor powders were investigated by using 

UV-Vis diffuse reflectance spectroscopy. Figure 5.3(a) shows the room temperature UV-Vis 

diffuse reflectance spectra of the selected singly doped GdV0.5P0.5O4: Sm3+, GdV0.5P0.5O4: 

Tm3+ and doubly doped GdV0.5P0.5O4: Sm3+, Tm3+ samples annealed at 900oC for 2 hours. The 

spectra show a strong broad absorption band ranging from 200 to 450 nm with the maximum 

at ~ 340 nm. This broad band is ascribed to charge transfer from the O legands to the central 

(V,P) atom inside (V,P)O4
3+ ions [21]. To evaluate the band gap energy, the transformed 

Kubelka-Munk reflectance (figure 5.3(b)) was used. The estimated band gap energies were 

found to be 2.20 eV for singly doped (Sm3+ and Tm3+) and for doubly doped (Sm3+, Tm3+) it 

was 2.10 eV. 

 

 

Figure 5.3. (a) UV-Vis reflectance spectra and (b) Transformed Kubelka-Munk plot of 

GdV0.5P0.5O4: Sm3+, GdV0.5P0.5O4: Tm3+ and GdV0.5P0.5O4: Sm3+, Tm3+. 
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5.3.4 Photoluminescence spectroscopy  

Figure 5.4(a) exhibit the excitation spectra of GdV0.5P0.5O4: x mol % Tm3+ phosphor powder 

samples obtained by monitoring the emission wavelength at 477 nm. The spectra show two 

overlapping bands. The first band range from 200 to 250 nm and is attributed to host absorption 

band while the other peak between 250 to 350 nm is attributed to charge transfer from oxygen 

ligands to the central vanadium, phosphorus atom(s) inside (V, P) O4
3− ion(s) [15]. Figure 

5.4(b) shows the photoluminescence emission spectra of GdV0.5P0.5O4: x mol % Tm3+ phosphor 

powder samples obtained by monitoring the excitation wavelength at 275 nm. The prominent 

blue emission peak centered at ~ 477 nm and a weak red emission peak were observed and they 

are ascribed to 1G4 − 3H6 and 1G4 – 3F4 transitions of Tm3+ ion respectively [22]. 

 

The excitation spectra of GdV0.5P0.5O4: x mol % Sm3+ measured at the emission wavelength of 

603 nm are shown in figure 5.5(a). The spectra exhibit the strong broad band positioned in the 

wavelength region between 200 and 350 nm with the maximum at 268 nm, which is ascribed 

to the VO4
3− group and it is in good agreement with the results reported by Yan et al [23]  

 

The emission spectra (figure 5.5(b)) were measured at an excitation wavelength of 275 nm. All 

the powder samples display similar trend except for the intensity, with the highest when x = 3. 

The emission peaks from the transitions of Sm3+ were observed and these peaks were 567 nm 

(6G5/2 — 6H5/2), 604 nm (6G5/2 — 6H7/2) and 650 nm (6G5/2 — 6H9/2) respectively. The most 

intense emission peak was observed at the wavelength of 603 nm. 
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Figure 5.4. (a) Excitation spectra of GdV0.5P0.5O4: x mol % Tm3+. 

 

 

 

Figure 5.4. (b) Emission spectra of GdV0.5P0.5O4: x mol % Tm3+. 
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Figure 5.5. (a) Excitation and (b) Emission spectra of GdV0.5P0.5O4: x mol % Sm3+. 

 

Figure 5.6(a) shows the excitation spectra of the Sm3+ and Tm3+ co-doped GdV0.5P0.5O4 

phosphor powder samples obtained by monitoring emission wavelength at 603 nm.  
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Figure 5.6. (a) Excitation and (b) Emission spectra of GdV0.5P0.5O4: x mol % Sm3+, Tm3+. 
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Figure 5.6. (c) a plot showing the intensity as a function Tm3+ concentration.  

 

The measured excitation spectra displayed a strong broad band peaking at 276 nm. This band 

is assigned to charge transfer band. The photoluminescence emission spectra of Sm3+ and Tm3+ 

co-doped GdV0.5P0.5O4 powder phosphor under 270 nm excitation is displayed in figure 5.6(b). 

The spectra exhibit four emission peaks. The first blue emission peak at 477 nm (1G4 — 3H6) 

is due to transition of Tm3+ ion while the other three emission peaks at 567 nm (4G5/2 — 6H5/2), 

604 nm (4G5/2 — 6H7/2) and 650 nm (4G5/2 — 6H9/2) were due to Sm3+ ion transitions. There is 

no noticeable change on the emission spectra when the value of x is increased except for the 

change in the intensities. The intensity of the Tm3+ (1G4 — 3H6) increase with an increase in 

the value of x and the maximum is reached when x = 2. Further increase in the value of x 

resulted in the decrease in the intensity. On the other hand, the most prominent Sm3+ (4G5/2 — 

6H7/2) emission peak was found to decrease with the increase in the value of x. The minimum 

was reached when x = 2 and further increase in the value of x resulted in the slight increase in 

the intensity as shown in figure 5.6(c). Thus, it can be clearly noted that the emission intensity 
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of Tm3+ increases with an increase in Tm3+ concentration, while the intensity of the Sm3+ 

decreases.  

 

5.4. Conclusion 

Samarium and thulium doped and co-doped gadolinium phosphovanadate was successfully 

synthesized by using solution combustion method. The XRD analysis confirmed the formation 

of both singly and doubly doped GdV0.5P0.5O4: Sm3+, Tm3+ compound. The XRD data further 

indicated that the peaks of GdV0.5P0.5O4: Sm3+, Tm3+ are slightly shifted towards higher angles 

due to the difference in ionic radius between vanadium and phosphorus. SEM has revealed that 

the as prepared powder consists of various shapes including tetragonal, hexagonal and spherical 

particles. The EDS confirmed the presence of all the elements forming GdV0.5P0.5O4: Sm3+, 

Tm3+ compound. The estimated band gaps were found to be 2.60 eV for Sm3+ and Tm3+ doped 

and 3.55 eV for Sm3+, Tm3+ co-doped powders. The photoluminescence excitation spectra of 

the prepared samples showed a strong broad band between 200 and 350 nm with the maximum 

at λ = 275 nm. The emission for singly (Sm3+ or Tm3+) doped samples showed three peaks at 

566 (6G5/2 — 6H5/2), 603 (6G5/2 — 6H7/2) and 650 nm (6G5/2 — 6H9/2) corresponding to transitions 

of Sm3+ while only one emission peak for Tm3+ at 477 nm (1G4 — 3H6) was observed. Dual 

emissions were also observed from co-doped samples. 
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Chapter 6 Combustion synthesis and characterization of Sm3+ and 

Tm3+ co-activated yttrium orthovanadate phosphate 
Advanced Materials Letters 8(6) (2017) 735−740  

6.1 Introduction 

Yttrium orthophosphate (YPO4) and orthovanadates (YVO4) have been investigated for a long 

time because of their interesting properties such as excellent thermal and chemical stability 

among other things [1-3]. They are also excellent host lattices for rare earth ions to produce a 

variety of light emitting materials with high luminescence quantum yields and emission 

originating from the f–f transitions [4-7] and high absorption coefficients at pumping 

wavelengths. YVO4 belongs to tetragonal crystal, and has similar structure as ZrSiO4. In this 

structure, 4 oxygen atoms occupy every vanadium atom, 8 oxygen atoms occupy every yttrium 

atom and 8 oxygen atoms form 2 distorted tetrahedron [8]. YPO4 also belongs to tetragonal 

system with zircon type structure, with 4 oxygen atoms   occupying every phosphorus atom, 8 

oxygen atoms occupying every yttrium atom, and 8 oxygen atoms forming two distorted 

tetrahedron [9]. 

 

Research has shown that the stability and high temperature luminescent properties of YVO4 or 

YPO4 can be improved even further by mixing the two systems [10]. Depending on the 

annealing temperature, this system can also crystallize in a tetragonal structure and it is an 

excellent host for rare earth ions. Various methods have been used before to synthesize 

multicomponent structures of yttrium orthovanadatephosphate [11 - 14].  

 

In this work, solution combustion method was used to prepare samarium (Sm3+) and thulium 

(Tm3+) co-activated yttrium orthovanadatephosphate (YV0.5P0.5O4: Sm3+, Tm3+) phosphor that 

can be used as down-converters in dye sensitized solar cells (DSSCs). With the growing 

requirements in global renewable energy, dye sensitized solar cells (DSSC) have been widely 
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studied as alternatives for the generation of electricity from sunlight due to their relatively high 

performance and simple production process [14]. Recently, Zhao and his group [16], have 

reported the conversion efficiency in DSSCs of up to 48%. These solar cells can only absorb 

in the visible region and other wavelengths like energy rich ultraviolet (UV) radiation are 

wasted. Furthermore, the degradation of the solar cells due to the incidence of UV radiation is 

an important detrimental factor that reduces its efficiency [17]. These drawbacks can be fixed 

by coating with a down-conversion or up-conversion phosphor material layer that has the 

potential to enhance the efficiency of the DSSCs by converting UV or near infrared radiation 

to visible emission [18]. That is, coating the DSSCs with these phosphor materials will increase 

their absorption range and make them harvest more light and therefore improve their power 

conversion efficiency [19]. However, we will not report on the application of YV0.5P0.5O4: 

Sm3+, Tm3+ in DSSCs.  

        

6.2 Experimental 

The starting materials: AR grade 99.99% yttrium nitrate hexahydrate (Y(NO3)3.6H2O), 

ammonium metavanadate (NH4VO3), ammonium phosphate (NH4H2PO4), urea (CH4N2O), 

samarium nitrate hexahydrate (Sm(NO3)3.6H2O) and thulium nitrate hexahydrate 

(Tm(NO3)3.6H2O) where purchased from sigma Aldrich and were used without further 

purification. Samarium and/or thulium activated yttrium vanadate-phosphate YV0.5P0.5O4: x 

mol % Sm3+ (x = 1, 2 and 3) phosphors were synthesized by solution combustion method using 

urea as a fuel. In a typical procedure, stoichiometric amounts of yttrium nitrate 

(Y(NO3)3.6H2O), ammonium metavanadate (NH4VO3), ammonium phosphate (NH4H2PO4), 

Samarium nitrate (Sm(NO3)3.6H2O) and urea (CH4N2O) were dissolved in 15 ml of deionized 

water in different glass beakers. The mixtures were stirred on a magnetic hotplate at a 

temperature of ± 70oC until homogeneous solutions were obtained. The solutions were then 
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transferred into different crucibles and subsequently transferred into a muffle furnace preheated 

to a temperature of 600 ± 10 oC. As a result of exothermic reaction that took place, the final 

products were fluffy ashes. The resulting combustion ashes were then cooled down in air at 

room temperature and were manually ground gently using pestle and mortar to obtain a fine 

powder. The powders were then annealed in air at 900oC for 2 hours. The same procedure was 

used for the synthesis of thulium activated yttrium vanadate-phosphate YV0.5P0.5O4: x mol % 

Tm3+ (x = 1, 2 and 3) and samarium/thulium doubly doped yttrium vanadate-phosphate 

YV0.5P0.5O4: x mol % Sm3+, y mol % Tm3+. 

 

The XRD spectra were recorded using Siemens D5000 powder Diffractometer. The X-ray 

radiation used during the measurement was a CuKα source (λ= 1.5406 Å). Reflectance spectra 

were measured using UV-vis spectrophotometer Lambda 950 (PerkinElmer). The 

photoluminescence (both excitation and emission) data were recorded using a Hitachi F700 

fluorescence spectrophotometer. The morphology and elemental composition of the materials 

were obtained using Jeol JSM-7800F field emission scanning electron microscope (FE-SEM) 

fitted with Oxford Aztec 350 X-Max80 energy-dispersive X-ray spectroscopy (EDS) and a 

high-resolution transmission electron microscope (HR-TEM) JEOL JEM 2100.  

 

6.3 Results and discussion 

6.3.1 XRD  

Figure 6.1(a) shows the XRD patterns of YV0.5P0.5O4: Sm3+, Tm3+ powder phosphors annealed 

at 900oC for 2 hours. The XRD spectra show diffraction peaks associated with YVO4 (JCPDS 

file no. 17 − 0341) and YPO4 (JCPDS file no. 11 − 0254) and this suggests that our YV0.5P0.5O4 

was an admixture of YVO4 and YPO4 components. Furthermore, the result indicates that the 

powder phosphors were crystalline and the diffraction peaks were broadened suggesting that 
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the average crystallite size was small. The lattice strain and the crystallite sizes were estimated 

from equation 4.1 

 

A plot of β cos θ versus Sin θ of un-doped YV0.5P0.5O4 is presented in figure 6.1(b). The lattice 

strain was estimated from the slope of the graph while the crystallite size was estimated from 

the y-intercepts. The estimated lattice strain and crystallite size of un-doped YV0.5P0.5O4, and 

of either Sm3+/Tm3+ single doped and Sm3+-Tm3+ co-doped YV0.5P0.5O4 are presented in Table 

6.1. As evident from the table, the host has the least crystallite size with less lattice strain while 

the doped and doubly doped samples have larger sizes on average with higher lattice strains. 

The increase in lattice strain is assumed to be a result of difference in ionic radii of Y and the 

dopants (i.e. Tm and Sm).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. (a). XRD patterns of YV0.5P0.5O4 host, singly doped YV0.5P0.5O4: 1 mol% Sm3+/ 1 

mol% Tm3+ and co-doped 1 mol% Sm3+; 0.5 mol % Tm3+. 
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Figure 6.1 (b). A plot of β cos θ against Sin θ of YV0.5P0.5O4 (host). 

 

Table 6.1. Estimated lattice strain and the crystallite sizes of YV0.5P0.5O4, YV0.5P0.5O4: 1 mol 

% Sm3+, YV0.5P0.5O4: 1 mol % Tm3+ and YV0.5P0.5O4: 1 mol % Sm3+; 0.5 mol % Tm3+. 
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6.3.2 Surface morphology and elemental composition 

Figure 6.2 shows the SEM images of YV0.5P0.5O4: 3 mol % Sm3+, 2.5 mol % Tm3+ phosphor 

powder prepared by solution combustion method before annealing (a) and after annealing at 

900 oC for 2 hours (b and c). The SEM image of the un-annealed phosphor powder shows that 

the powder was agglomerated with 3D structures of various shapes orderly built on top of each 

other forming thick sheets. On the other hand, annealed phosphor powder consists of un-

agglomerated 3D structures of various shapes which include among others, spheres, ovals and 

cuboids. Furthermore, the particles have different sizes and are less agglomerated. To further 

investigate the surface morphology, transmission electron microscopy (TEM) was used.  

 

Figure 6.2 (d) and (e) shows the energy dispersive X-ray spectroscopy (EDS) spectrum of 

YV0.5P0.5O4: 3 mol % Sm3+, 2.5 mol % Tm3+. The spectra for both annealed and un-annealed 

show the presence of major elements, namely, Y, V, P, O, Sm and Tm. The atomic ratio of Y, 

V, P, O, Sm and Tm is approximately 49:28:11:09:2. In figure 6.2(d) there are some traces of 

carbon, which is not associated with our sample in this case, but it is assumed to have come 

from the carbon tape used to mount the sample. Figure 6.2 (f and g) present the TEM images 

of YV0.5P0.5O4: 3 mol % Sm3+, 2.5 mol % Tm3+ phosphor powder. The particles are 

agglomerated and they have various sizes and shapes (Figure 6.2(f)). Furthermore, it can also 

be observed that resolved lattice fringes were formed, confirming that the powder has high 

level of periodicity and was therefore highly crystalline. This is evident from figure 6.2 (g) and 

this is consistent with the obtained XRD results.  
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Figure 6.2. (a) Unannealed (b) and (c) annealed: SEM micrographs of YV0.5P0.5O4: 3 mol % 

Sm3+, 2.5 mol % Tm3+. Low (d) and high (e) magnification TEM images of YV0.5P0.5O4: 3 mol 

% Sm3+, 0.25 mol % Tm3+. EDS spectra of YV0.5P0.5O4: 3 mol % Sm3+, 2.5 mol % Tm3+ (f) 

annealed (g) annealed. 
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6.3.3 UV-Vis reflectance spectroscopy 

Figure 6.3 presents the room temperature reflectance spectra of YV0.5P0.5O4: x mol % Sm3+ (x 

= 1, 2, 3). The spectrum in figure 6.3(a) displays a plateau of high reflection in the wavelength 

range of 550–800 nm.  The broad absorption band ranging from 200–550 nm with a maximum 

absorption at ~ 300 nm was observed and it is attributed to the O → V charge transfer 

transitions of [VO4]
3− [20, 21]. According to the literature [21], V atoms occupy three different 

sites V1, V2 and V3, all of which consists of [VO4] tetrahedral. 

 

Figure 6.3. UV-vis reflectance spectra of (a) YV0.5P0.5O4: x mol % Sm3+, (b) x mol % Tm3+, (c) 

3 mol %Sm3+; x mol % Tm3+ and (e) 1 mol % Tm3+; x mol % Sm3+. (d) Transformed Kubelka-

Munk reflectance spectrum of 3 mol % Sm3+; x mol % Tm3+, and (f) 1 mol % Tm3+; x mol % 

Sm3+. 
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Therefore, this absorption band must come from the combination of O ─ V1, O ─ V2 and O ─ 

V3 charge transfer transitions [21, 22].  In figure 6.3(a), (b) and (c) respectively, a similar trend 

was observed except for the additional small band at ~ 692 nm in the doped samples. This small 

band, which increased with the concentration of Tm3+, corresponds to 3H6 —
 3F3 transition of 

Tm3+ [23]. The estimated band gaps as shown in figure 6.3 (d) range between 2.5 to 3.3 and 

3.2 to 3.4 nm for 3 mol % Sm3+; x mol % Tm3+ and 1 mol % Tm3+; x mol % Sm3+ respectively. 

 

6.3.4 Photoluminescence 

Figure 6.4(a) shows the excitation spectra of YV0.5P0.5O4: x mol % Tm3+ (x =0, 1, 2, 3) 

phosphors obtained by monitoring the emission wavelength at 477 nm. The excitation spectra 

show two strong broad bands in the UV region. The band extending from 200 to 230 nm is 

attributed to host absorption [13] while the one between 230 and 350 nm with a maximum at 

280 nm is ascribed to Tm3+ → O2− charge transfer bands [11,24, 25]. Figure 6.4(b) show the 

emission spectra of YV0.5P0.5O4: x mol % Tm3+ (x =0, 1, 2, 3). The emission spectra were 

recorded when the phosphor powders were excited with a wavelength of 280 nm. The spectra 

exhibit similar trend with a broad band ranging from 400 to 550 nm and one dominant blue 

peak at around 477 nm for Tm3+ doped samples. These bands are ascribed to host emission 

peak and 1G4 − 3H6 transition of Tm3+ respectively. Figure 6.4(c) shows the intensity of blue 

emission (1G4 − 3H6) as a function of Tm3+ concentration. The peak intensity decreased with 

increasing Tm3+ molar concentration due to concentration quenching effects [26]. The highest 

emission was found when x = 1.  
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Figure 6.4. (a) Excitation and (b) Emission spectra of YV0.5P0.5O4: x mol % Tm3+ and (c) a 

plot showing the intensity as a function Tm3+ concentration. 
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The excitation and emission spectra of YV0.5P0.5O4: x mol % Sm3+ are shown in figure 6.5(a) 

and (b) respectively. The excitation spectra were recorded when monitoring the emission 

wavelength at 604 nm. The spectrum of the un-doped sample shows a broad band extending 

from 200 to 230 nm. This band is attributed to the host absorption.  On the other hand, the 

spectra for doped samples show a strong broad band in the UV region extending from 200 to 

350 nm with maximum at 275 nm. This band is due to Sm3+→ O2−charge transfer band. The 

emission spectra measured under the excitation wavelength of 275 nm show four bands 

centered at 444, 566, 604 and 649 nm respectively. The band located at 444 nm is due to the 

host while other three bands are due to (6G5/2 — 6H5/2), (
6G5/2 — 6H7/2) and (6G5/2 — 6H9/2) 

transitions of Sm3+ respectively. The emission intensity was found to increase when the 

concentration of Sm3+ was increased from 1 to 2.5 mol% and then decreased when the 

concentration was 3 mol% and beyond, and this was probably due to concentration quenching 

effects. Concentration quenching is caused by an increase in the number of non-radiative 

transitions [27, 28]. The room temperature photoluminescence excitation spectra of 

YV0.5P0.5O4: 3 mol % Sm3+, x mol % Tm3+ and YV0.5P0.5O4: 1 mol % Tm3+, x mol % Sm3+ (x 

= 0.5, 1.0, 1.5, 2.0 and 2.5) phosphors are shown in figure 6.6(a) and (c). The spectra were 

recorded when monitoring the emission wavelength at 604 nm. A strong broad band ranging 

from 200 to 350 nm with a maximum at 275 nm was observed. This broad band is ascribed to 

charge transfer band from oxygen ligands to central vanadium in the [VO4]
3−. The emission 

spectra, shown in figure 6.6(b) and (d), comprise of five bands. The broad band extending from 

400 to 650 nm originates from the host while the sharp peak at the wavelength of 476 nm is 

due to (1G4 — 3H6) transition of Tm3+ ions. The other three emission peaks observed at 566 nm 

(4G5/2 — 6H5/2), 604 nm (4G5/2 — 6H7/2) and 649 nm (4G5/2 — 6H9/2) are due to transitions of 

Sm3+ ions.   
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Figure 6.5. (a) Excitation and (b) Emission spectra of YV0.5P0.5O4: x mol % Sm3+ (c) a plot 

showing the intensity as a function Sm3+ concentration. 
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Figure 6.6 (e) and (f) show the relative emission intensities of Tm3+ (1G4 — 3H6) and Sm3+ 

(4G5/2 — 6H7/2) as a function of molar concentration of Tm3+ and Sm3+ respectively. The 

increase in the molar concentration of Tm3+ did not make any noticeable change on the peak 

shape or position, but there was a significant change on the emission intensities. The emission 

intensity of Tm3+ was found to increase with an increase in the molar concentration of Tm3+, 

while the emission intensity of Sm3+ was found to decrease. Similar behavior was observed 

with an increase in the molar concentration of Sm3+. Further increase in the molar concentration 

of Tm3+ or Sm3+ resulted in the decrease in the intensity of both Tm3+ and Sm3+. This 

phenomenon suggests that there is energy transfer from Sm3+ to Tm3+. Co-doping, in this work, 

played a pivotal role in the enhancement of luminescence intensity. Compared with singly 

doped samples, doubly doped samples have the intensities that were almost three times higher. 

The simplified proposed mechanism of energy transfer from the host and Sm3+ to Tm3+ is 

shown in figure 6.6(g). The UV radiation is initially absorbed by the host to promote electrons 

from 1A1, the ground state, to 1Tj (j = 2, 1), the excited state of [VO4]
3+. Some of these excited 

electrons undergo a non-radiative process to 3Tj and eventually return to their ground state 

therefore emitting light, while other electrons from 3Tj transfer their energy to the 4G7/2 levels, 

the excited state of Sm3+, which in turn relaxed non-radiatively to 4F3/2 and 4G5/2 with 

subsequent emissions of Sm3+. On the other hand, other electrons from 4G7/2 level of Sm3+ 

transfer some of their energy to 1D2 level, the excited state of Tm3+, followed by a non-radiative 

relaxation process to the 1G4 sate and finally producing blue emission from Tm3+.  
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Figure 6.6. (a) Excitation and (b) Emission spectra of V0.5P0.5O4: 3 mol % Sm3+, x mol % Tm3+ 

(c) Excitation and (d) Emission spectra of YV0.5P0.5O4: 1 mol % Tm3+, x mol % Sm3+ (e) a plot 

showing the intensity as a function Sm3+ and (f) Tm3+ concentration (g) Schematic 

representation energy level diagram and proposed mechanism. 
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6.4 Conclusion  

 

In conclusion, the multicomponent structures of samarium and thulium co-activated yttrium 

orthovanadatephosphate were successfully synthesized by solution combustion method using 

urea as fuel. The XRD results indicated that the prepared nanophosphors of both singly and 

doubly doped YV0.5P0.5O4: Sm3+, Tm3+ compounds have tetragonal structure with the peaks 

intermediate between that of pure YVO4 and YPO4. The SEM and TEM images showed that 

the samples consisted of different sizes and shapes that included spheres, ovals and cuboids. 

TEM data further showed well defined lattice fringes indicating that the samples were highly 

crystalline as confirmed by XRD results. The EDS analysis showed that all the elements 

forming YV0.5P0.5O4: Sm3+; Tm3+ were present in the compound. The UV-vis reflectance 

spectra had similar trend for all the samples with a broad absorption band towards ultraviolet 

region, except for Tm3+ doped samples that displayed a small absorption signature at the 

wavelength of ~ 692 nm corresponding to 3H6 —
 3F3 transition of Tm3+. The photoluminescence 

excitation spectra for singly doped Tm3+ and Sm3+ and co-doped Sm3+; Tm3+ showed a strong 

broad band between 200 and 350 nm peaking at λ = 275 anm. Tm3+ and Sm3+ singly doped 

samples showed one emission peak at 476 nm (1G4 — 3H6) and three other emission peaks at 

566 (6G5/2 — 6H5/2), 604 (6G5/2 — 6H7/2) and 649 nm (6G5/2 — 6H9/2) corresponding to transitions 

of Tm3+ and Sm3+. Both Tm3+ and Sm3+ emission peaks were observed from co-doped samples. 

The PL results for co-doped phosphors indicated that an increase in Tm3+ molar concentration 

resulted in the decrease in the emission intensity of Sm3+ suggesting that there was energy 

transfer from Sm3+ to Tm3+. The UV-vis and photoluminescence results indicated that the 

prepared phosphor powder might be a suitable candidate for a possible application in solar 

cells. 
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Chapter 7 Synthesis and characterization of Ln3+ (Ln = Dy, Sm, 

Tb) activated lanthanum ortho-phosphovanadate  
 

7.1 Introduction 

To a large degree, the quality of human life depends on energy, and this is threatened unless 

renewable energy resources can be developed in the near future [1]. The concern about present 

energy policies is that it relies heavily on fossil fuels, which causes environmental problems. 

Thus, the development of renewable energy sources is at the center of interest for many 

researchers recently [2]. The conversion of solar energy directly into electricity is one of the 

most attractive renewable energy sources that could help replace fossil fuels and control global 

warming [3]. Solar cells absorb some photons from sunlight, which are converted into usable 

amounts of direct current electricity. The only setback with this renewable energy source is the 

low absorption efficiency in the visible region. 

 

Another class of materials in place are dye sensitized solar cells (DSSCs) and are a promising 

method for the efficient and economical conversion of solar energy into electric power. Their 

advantages over conventional solar cells include aspects such as various colors, semi-

transparency, low cost fabrication processes, environmentally friendly and relatively high 

conversion efficiency [4, 5]. Because of all these advantages, several studies have been carried 

out in recent years to improve the performance of DSSCs.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

 

For the practical use of DSSCs, thermal and chemical stability is as important as its conversion 

efficiency [6]. Studies have shown that UV irradiation is the main parameter, which affects the 

thermal stability of DSSCs [7]. UV filters are commonly employed to absorb UV rays, but this 

method wastes some part of solar energy. The other strategy is to coat DSSCs with a material 

that will absorb UV photon energy and down convert it to the visible region, which is 
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reabsorbed by the dye [8]. The lanthanum orthovanadate (LaVO4) rare earth doped 

luminescence nanocrystals (NCs) are among the most important functional materials, which 

can act as UV absorbers [6, 7]. Therefore, for the current work, the multi-component system 

LaV1-xPxO4: Ln3+ (Ln = Dy, Sm and Tb) powder phosphors were synthesized by combustion 

method in order to optimize the vanadate to phosphate mol concentrations for application in 

DSSCs. The concentration of Ln was kept at 1 mol % throughout the experiment. The structural 

and optical properties of these phosphors are discussed. 

 

7.2 Experiment 

7.2.1 Synthesis  

The multi-component system LaV1−xPxO4: 1.0 mol% Ln3+ (Ln = Dy, Sm and Tb) with x ranging 

from 0.0 to 1.0 (odd series) was synthesized by solution combustion method. The starting 

materials included AR grade 99.99% lanthanum (III) nitrate hexahydrate (La(NO3)3.6H2O), 

ammonium metavanadate (NH4VO3), ammonium phosphate (NH4H2PO4), urea (CH4N2O), 

samarium nitrate hexahydrate (Sm(NO3)3.6H2O), terbium nitrate hexahydrate 

(Tb(NO3)3.6H2O) and dysprosium nitrate hydrate (Dy(NO3)3.xH2O), which were dissolved in 

de-ionized water in appropriate weights to form the necessary precursor solutions. The 

solutions were kept on a magnetic stirrer until a homogeneous mixture was achieved. The 

resulting brownish solutions from the systems of x = 0.0, 0.25, 0.5, 0.75 and the white solution 

for only x=1.0 were obtained after a constant heating (±90oC) while stirring took place. The 

solutions were then transferred into different crucibles and placed into a preheated furnace set 

at 600 ± 10 oC. The detailed exothermic reactions that took place have been explained in 

reference [9]. The resulting combustion ashes were cooled down in air to room temperature 

and were manually, but gently ground using pestle and mortar to obtain a fine powder to be 

ready for characterization. 
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7.2.2 Characterization 

For the structure and phase identification, the phosphor powder samples prepared were 

characterized by X-ray diffraction (XRD) Siemens D5000 powder Diffractometer. The X-ray 

radiation used during the measurement was a CuKα source (λ= 1.5406 Å). The morphology, 

degree of crystallinity and elemental composition of the materials were obtained using high-

resolution transmission electron microscopy (HR-TEM) and Jeol JSM-7800F field emission 

scanning electron microscope (FE-SEM) fitted with Oxford Aztec 350 X-Max80 energy-

dispersive X-ray spectroscopy (EDS). Reflectance spectra were then obtained by using a UV-

Vis spectrophotometer Lambda 950 (PerkinElmer). Photoluminescence data were recorded 

using a Hitachi F700 fluorescence spectrophotometer.   

 

7.3 Results and discussion  

7.3.1 X-ray Diffraction 

The XRD spectra of LaV1−xPxO4 (x = 0.0, 0.25, 0.5, 0.75, and 1.0) phosphor powder are shown 

in figure 7.1. For x = 0, the XRD pattern shows a perfect match with the diffraction patterns of 

the pure monoclinic structure of LaVO4 referenced in JCPDS file No. 70-2392 [10] while for 

x = 1.0, the diffraction peaks match well with that of a hexagonal rhabdophane structure for 

LaPO4 referenced in JCPDS file No. 46-4639 [11]. On the other hand, the XRD pattern for 

sample with x = 0.25 exhibits the trend of LaVO4 and this is because the concentration of 

vanadium dominates that of phosphorus. Moreover, the XRD pattern for sample with x = 0.75 

favors that of LaPO4 and this is due to a higher concentration of phosphate in the sample. For 

the sample with x = 0.5, the XRD peaks are located in between those of LaVO4 and LaPO4. 

The XRD peaks are gradually shifting to the higher value of 2θ. This is due to the difference 

in the ionic radii of vanadium (0.059 nm) and phosphorus (0.038 nm). On the other hand, the 

XRD patterns of the singly doped LaV1−xPxO4: Ln3+ (Ln = Dy, Sm, and Tb) showed a similar 
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trend obtained for un-doped samples. This implies that the dopants where successfully 

incorporated into the host matrix.  

 

The lattice strain ( ) and the average particle size (D) were estimated from equation 4.1. This 

equation since it represents a straight-line graph, then the slope of the graph can be used to 

determine the lattice strain   while the y-intercept can be used to calculate D, which mainly 

represents the particle size. The values of both lattice strain and the particle size are summarized 

and tabulated in table 7.1. 

 

 

Figure 7.1. XRD patterns of LaV1−xPxO4 (x = 0.0, 0.25, 0.5, 0.75, and 1.0) phosphor powder. 
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Table 7.1.  Lattice strain and the estimated crystallite size of nanophosphors powder 

LaV1−xPxO4: 1.0 mol% Ln3+ (Ln = Dy, Sm, and Tb) where (x = 0.0, 0.25, 0.5, 0.75, and 1.0).  

Sample 

L (nm) η 

Dy 3+ Sm 3+ Tb 3+ Dy 3+ Sm 3+ Tb 3+ 

LaVO4 13.96 22.35 17.68 0.039 0.023 0.031 

LaV0.75P0.25O4 9.49 14.63 13.01 0.051 0.039 0.042 

LaV0.5P0.5O4 8.07 8.89 10.25 0.058 0.055 0.049 

LaV0.25P0.75O4 9.18 9.59 9.13 0.050 0.047 0.052 

LaPO4 9.90 10.85 11.33 0.046 0.043 0.042 

 

7.3.2 Morphology 

Scanning electron microscopy (SEM) was carried out to investigate the surface morphology of 

the prepared phosphor powders. The SEM images are shown in figures 7.2 (a) for LaV0.5P0.5O4: 

1 mol % Dy3+, (b) LaV0.5P0.5O4: 1 mol % Sm3+ and LaV0.5P0.5O4: 1 mol % Tb3+. In all cases, 

the SEM images reveal that the phosphor powder consists of agglomerated particles with 

various sizes, and different shapes including spheres and ovals. Generally, the particles are not 

evenly distributed due to the nature of the synthesis that is combustion. 

 

     

Figure 7.2. SEM images of LaV0.5P0.5O4 doped with (a) Dy3+, (b) Sm3+ and (c) Tb3+ phosphor 

powder. 

 

 

(b) 

 

(c) 

 

(a) 
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 To further understand the morphology of samples transmission electron microscopy (TEM) 

was used. Figure 7.3 shows TEM images of LaV0.5P0.5O4 doped with (a) 1 mol % Dy3+, (b) 1 

mol % Tb3+ and (c) 1 mol % Sm3+. From the images, it can be seen clearly that the synthesized 

phosphors have the spherical, oval and rod-like shaped structures with different sizes and 

lengths. Furthermore, the images show that lattice fringes (shown in red squares) are formed, 

which is an indication that the powder is well crystalline and this is in good agreement with 

XRD results.   

 

 

 

 

 

 

Figure 7.3. TEM images of LaV0.5P0.5O4 doped with (a) Dy3+, (b) Sm3+ and (c) Tb3+ 

phosphor powder. 
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7.3.3 UV-Vis spectroscopy  

UV measurements were performed on the samples with the highest intensity for each series 

only. The reflectance spectra of LaV0.5P0.5O4: 1 mol % Ln3+ (Ln = Dy, Sm, Tb) phosphor 

powders are shown in figure 7.3(a). The room temperature UV-Vis diffuse reflectance spectra 

show a broad absorption band with the maximum at ~ 310 nm. This band is ascribed to charge 

transfer from the O ligands to the central V/P atom inside V/PO4
3+ ions [6].  

 

For further analysis, the Kebelka-Munk relation was used to convert the reflectance spectra 

into the values that are proportional to the absorbance. To evaluate the band gap energy, the 

transformed Kubelka-Munk reflectance figure 7.3(b) was used. The estimated band gap 

energies were found to be 4.06 eV for Dy3+, 3.85 eV for Tb3+ and 4.01 eV for Sm3+ doped 

powder.  
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Figure 7.4. (a) UV-vis reflectance spectra and (b) transformed Kubelka-Munk plot of 

LaV0.5P0.5O4: 1 mol % Ln3+ (Ln = Dy, Sm, Tb). 
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7.3.4 Photoluminescence 

Figure 7.5(a) shows the excitation spectra in the range of 200-400 nm of LaV1−xPxO4: 1.0 mol 

% Dy3+ (x = 0, 0.25, 0.5, 0.75, 1.0) phosphor powder samples obtained by monitoring the 

emission wavelength at 575 nm. All the samples exhibit the same features, with the exception 

of the LaPO4: 1 mol % Dy3+ (x = 1.0). The excitation spectra have a broad band ranging from 

200 to 350 nm with the maximum approximately around ± 270 nm.  

 

The sample with x = 1.0, has a broad band ranging from 225 to 300 nm and with the maximum 

centered at about 270 nm too. Other peaks observed are at the longer wavelengths of 324, 354 

and 389 nm, and these can be attributed to Dy3+ characteristic transitions, that is, 6H15/2—
4M11/2, 

6H15/2—
6P5/2 and 6H15/2—

6I13/2, respectively [12]. 

 

The emission spectra of the as-prepared phosphor powders are shown in figure 7.5(b). All the 

spectra consist of the most two peaks at the wavelengths of 482 and 575 nm. These transitions 

are attributed to the well-known characteristic emissions associated with the 4F9/2 — 6H15/2 

(blue) and 4F9/2 — 6H13/2 (yellow) transitions of Dy3+ respectively. Figure 7.5(c) shows a plot 

of the relative intensity as a function of x values. As shown in the graph, the intensity increases 

with an increase in the value of x. The maximum is mainly reached when x = 0.5. Further 

increase in the value of x resulted in the decrease in the intensity, as a result this act as a 

luminescence quencher.  
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Figure 7.5. (a) Excitation and (b) Emission spectra of LaV1-xPxO4: Dy3+ (c) A plot showing 

the intensity as a function of x values. 
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spectra (figure 7.6(b)) were measured at an excitation wavelength of 270 nm. It is clear from 

the spectra that all the samples, except for x = 1.0, follow similar trend. These spectra consist 
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these transitions are in the visible range of the spectrum. Because there exist interesting 

combination of colors, the prepared phosphor powders give a tunable emission from orange to 

red light. 

 

Figure 7.6(c) gives the relative emission intensity as a function of x values. It can be observed 

from the graph that, the intensity increases with an increase in the value of x with the highest 

intensity at x = 0.25. When the value of x was further increased, the intensity decreases and this 

clearly indicate that further addition of P content result in a luminescent quenching. 

 

     

 

Figure 7.6. (a) Excitation and (b) Emission spectra of LaV1−xPxO4:Sm3+(c) A plot showing the 

intensity as a function of x values. 
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The emission spectra (Figure 7.7(b)) exhibit four emission peaks at 490 nm (5D4—
7F6), 540 nm 

(5D4—
7F5), 580 nm (5D4—

7F4) and 625 nm (5D4—
7F3) due transitions of Tb3+ ions. It can 

clearly be observed that the most intense peak is from the green emission wavelength (5D4 — 

7F5). There is no noticeable change in the emission spectra when the value of x is increased 

except for intensities which appear to be slight different. Figure 7.7(c) presents the relative 

emission intensity as a function of x values. As shown in the figure, as the value of x increases, 

the intensity also increases whereby the optimum is mainly reached when x = 0.75. If the value 

of x is further increased the intensity starts to decrease. Thus, addition of P content results in a 

luminescence quenching.  

          

 

Figure 7.7. (a) Excitation and (b) Emission spectra of LaV1−xPxO4: Tb3+ (c) A plot showing 

the intensity as a function of x values. 
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7.5 Conclusions  

In summary, the LaV1−xPxO4: Ln3+ (Ln = Dy, Sm, and Tb) phosphor powders were successfully 

prepared by the solution combustion method. The XRD and TEM results show that the 

prepared phosphor powder has small crystallite size and it is well crystalline. Furthermore, the 

results for sample with x = 0.5, the XRD peaks were found to be intermediate between LaVO4 

and LaPO4. The SEM and TEM results show that the prepared phosphor powder is less 

agglomerated and consisted of various shapes and sizes. The UV-vis room temperature diffuse 

reflectance show that the powder absorbs in the uv range. The photoluminescence results show 

the characteristic peaks of Dy, Sm and Tb. The emission intensity is greatly dependent on the 

value of x.  
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Chapter 8 Effect of annealing temperature on the structure and 

optical properties of lanthanum rare earth doped 

phosphovanadate  
  

8.1 Introduction 

Orthovanadates are technologically important materials with variety applications in existing 

and future technologies. Recently they have attracted considerable attention due to potential 

applications in renewable energy and alternative green technology [1]. Lanthanide 

orthovanadates (LnVO4) specifically, have been under vigorous investigation due to their wide 

range of applications [2]. LaVO4 as a member of this family crystallizes in two polymorphs, 

namely, monoclinic (m-) monazite type and tetragonal (t-) zircon type [3, 4]. On the other hand, 

lanthanide phosphates (LnPO4) have also attracted much attention due to their novel promising 

applications in several fields of science and technology [5]. Among the many LnPO4 phases, 

LaPO4 stands out for its broader range of applications in different areas of technological interest 

[6] and it is a useful host for doping rare earth ions with high quantum efficiencies [7]. 

Moreover, it presents many outstanding properties, including high insolubility, reliable 

stability against high temperatures and energy excitations, low toxicity and high quantum yield 

[8].  

 

Unlike LaVO4, lanthanide orthophosphate (LaPO4), one member of rare earth orthophosphate 

family, exhibit five kinds of polymorphs: monazite (monoclinic, naturally abundant), xenotime 

(tetragonal, naturally abundant), rhabdophane (hexagonal), weinschenkite (monoclinic), and 

orthorhombic [9]. Systems of orthovanadate and orthophosphate are very important hosts for 

the luminescence of lanthanide ions [10]. A mixture of orthovanadate and orthophosphate form 

a multicomponent system called phosphovanadate.  
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The applicability of luminescent devices depends on the luminescence intensity [11]. 

Therefore, the improvement of the emission intensity of luminescence materials is an important 

aspect that greatly affects the performance of light absorbance on different display and solar 

cell materials. For sufficient brightness in display devices and energy conversion in solar cells 

these devices require phosphor materials with high emission intensities [12]. Structural 

characteristics, such as particle morphology, structure, and surface chemical composition of 

samples, have significant effects on physicochemical properties, which can be tuned in a 

controllable manner to tailor their mechanical, thermal, photoluminescence (PL), and electrical 

properties [13]. Thus, there is an urgent demand of improving luminescent efficiency of 

nanomaterials, which may be affected by two fundamental factors: crystallinity and surface 

effect [14]. Insufficient crystallinity means unordered structure and more defects which act as 

quenching centres consuming excited photoelectrons without any radiation being observed.  

 

Lastly, the large specific surface area of nanomaterials, unsaturated bonds on the surface and 

high surface energy will result in surface quenching and greatly decrease the lifetime and 

luminescent efficiency of nanomaterials [14]. Nevertheless, one method of improving the effect 

on crystallinity, and therefore luminescence, is to follow a high temperature annealing process. 

Thus, it is important to know how thermal treatment influence the luminescence properties of 

a specific material for specific purpose. In this chapter, the influence of annealing temperature 

on the structure and luminescent properties of Ln3+ (Ln = Dy, Sm, Tb) activated lanthanum 

phosphovanadate synthesized by solution combustion method is investigated. The results 

obtained suggest that these materials can be used as down converters in dye sensitized solar 

cells.  
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8.2 Experimental details  

The multi-component systems of LaV0.25P0.75O4: 1 mol % Dy3+, LaV0.25P0.75O4: 1 mol % Tb3+ 

and LaV0.75P0.25O4: 1 mol % Sm3+ were synthesized by solution combustion method. The 

starting materials included AR grade 99.99% lanthanum (III) nitrate hexahydrate 

(La(NO3)3.6H2O), ammonium metavanadate (NH4VO3), ammonium phosphate (NH4H2PO4), 

urea (CH4N2O), samarium nitrate hexahydrate (Sm(NO3)3.6H2O), terbium nitrate hexahydrate 

(Tb(NO3)3.6H2O) and dysprosium nitrate hydrate (Dy(NO3)3. xH2O), which were dissolved in 

de-ionized water in appropriate weights to form the necessary precursor solutions. The 

solutions were kept on a magnetic stirrer until a homogeneous mixture was achieved. The 

resulting brownish solutions were then transferred into different crucibles and placed one-by-

one into a preheated furnace set at 600 ± 10 oC. As a result of exothermic reactions that took 

place, the final products were fluffy ashes. The resulting combustion ashes were annealed at 

different temperatures, for two hours, and also were manually ground using pestle and mortar 

to obtain a very fine powder ready for characterization. 

 

On the structure and phase identification, the phosphor powder samples prepared were 

characterized by X-ray diffraction (XRD) Siemens D5000 powder Diffractometer. The X-ray 

radiation used during the measurement was a CuKα source (λ= 1.5406 Å).  Photoluminescence 

data were recorded using a Hitachi F7000 fluorescence spectrophotometer.  The morphology 

and elemental composition of the materials were obtained using Jeol JSM-7800F field emission 

scanning electron microscope (FE-SEM) fitted with Oxford Aztec 350 X-Max80 energy-

dispersive X-ray spectroscopy (EDS).   
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8.3 Results and discussion 

8.3.1 X-ray diffraction (XRD) 

The phase structure, purity and crystallinity of the prepared powder phosphors were 

investigated by XRD. Figure 8.1 (a) shows the XRD pattern of LaV0.25P0.75O4: 1 mol % Tb3+ 

powder phosphors annealed at the temperature of 1000C for 2 hours. The XRD spectrum for 

the sample prepared at 600oC shows that all the peaks can be easily indexed to that of LaPO4 

(JCPSD file no. 75 − 1881) and this suggests that LaV0.25P0.75O4 is a single phase and 

crystallizes in a hexagonal structure. The diffraction peaks for this host seem to be slightly 

shifted towards higher angles, and this might be due to different ionic radii of vanadium (0.059 

nm) [15] and phosphorus (0.034 nm) [15]. Moreover, the results indicate that the powder 

phosphors are highly crystalline and the diffraction peaks are broadened which is an indication 

that the prepared samples have small crystallite size. The results further indicate that the 

structure of the prepared powder changes from hexagonal to monoclinic structure (JCPDS file 

no. 35 − 0731) with increasing annealing temperature (figure 8.1 (b)). Lastly, the crystallite 

sizes were then estimated from Scherrer’s equation 8.1: 

 





cos

k
D                        8.1            

 

where D is the crystallite size, λ is the wavelength of the x-ray radiation (1.5418Å), β is the full 

width at half maximum intensity and θ is the diffraction angle at the peak position. The 

estimated crystallite sizes of LaV0.25P0.75O4: 1 mol % Dy3+, LaV0.25P0.75O4: 1 mol % Tb3+ and 

LaV0.75P0.25O4: 1 mol % Sm3+ respectively, are tabulated in table 8.1. The results indicated that 

the size increases with an increase in annealing temperature except for the sample, 

LaV0.25P0.75O4: 1 mol % Dy3+, annealed at 1000oC, which shows a decrease in crystallite size. 
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This is consistent with the results reported by [16, 17, 18]. The XRD patterns for Dy3+ and 

Sm3+ doped samples show similar features to Tb3+ doped sample and therefore they are not 

included here. 

 

         

 

 

Figure 8.1. XRD patterns of LaV0.25P0.75O4: 1 mol % Tb3+ and JCPDS’s of phosphor powder 

annealed at different temperatures.  

 

Table 8.1. A table showing annealing temperature as a function of crystallite size. 

Temperature LaV0.25P0.75O4: Dy3+ LaV0.75P0.25O4: Tb3+ LaV0.25P0.75O4: 

Sm3+ 

(oC) D (nm) 

600 11.36 11.28 19.82 

700 18.46 21.07 18.92 

800 38.05 24.23 36.49 

900 42.27 30.31 39.19 

1000 37.12 43.75 48.09 

 

8.3.2 Scanning electron microscopy 

 

The surface morphology and the elemental analysis of the prepared powder samples were 

investigated using SEM and EDS. Figure 8.2 shows SEM images of (a) LaV0.25P0.75O4: 1 mol % 

Dy3+, (c) LaV0.25P0.75O4: 1 mol % Tb3+ and (e) LaV0.75P0.25O4: 1 mol % Sm3+. The micrographs 
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from Dy3+ and Tb3+ activated powder samples (Fig. 8.2 a and c) revealed that, although the 

powder is not evenly distributed, but it is less agglomerated and composed of various shapes, 

mostly spheres, and random sizes. However, the micrographs for Sm3+ activated powder 

sample (Fig. 8.2 e) indicated that the sample consisted of 3 dimensional hexagonal and 

spherical shaped structures of different lengths and sizes. Figure 8.2 show the EDS spectra of 

(b) LaV0.25P0.75O4: 1 mol % Dy3+, (d) LaV0.25P0.75O4: 1 mol % Tb3+ and (f) LaV0.75P0.25O4: 1 

mol % Sm3+. In each case, the elements forming the compound are all observed. The spectra 

for Tb3+ and Sm3+ doped samples (Fig 8.2 d and f), a trace of carbon element is observed. This 

is believed to have come from the carbon tape used to mount the powder.      
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Figure 8.2. SEM images and EDS spectra of (a) LaV0.25P0.75O4: 1 mol % Dy3+, (b) LaV0.25P0.75O4: 

1 mol % Tb3+ and (c) LaV0.75P0.25O4: 1 mol % Sm3+. 

 

 

8.3.3 FTIR analysis 

FTIR spectroscopic measurements were performed in order to determine the different 

functional groups in the prepared powder samples. The FTIR spectra of La system is presented 

in figure 8.3. It can be clearly observed that all the samples exhibit the same trend with 

characteristic peaks at wavelengths 789 nm (V–O stretching vibrations), 988 nm (V–O 

stretching vibrations), 1420 nm (O–H bending vibrations), 1629 nm and 3446 nm (H–O–H) 
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respectively [19, 20 ]. The FTIR results further revealed that the samples annealed at 1000oC 

indicate that the O–H and/or H–O–H bending vibrations observed in the as prepared samples 

has disappeared completely. 
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Figure 8.3. FTIR spectrum of LaV0.25P0.75O4: 1 mol % Tb3+ phosphor powder. 

 

8.3.4 Photoluminescence 

Figures 8.4(a), 8.5(a) and 8.6(a) exhibit the excitation spectra of LaV0.25P0.75O4: 1 mol % Dy3+, 

LaV0.25P0.75O4: 1 mol % Tb3+ and LaV0.75P0.25O4: 1 mol % Sm3+ powder samples obtained by 

monitoring the emission wavelengths at 573, 546 and 601 nm respectively. All these three spectra 

exhibit the same trend showing a strong broad band between 200 and 350 nm with maximum at ~ 270 

nm. Thus, the maximum band is attributed to charge transfer from oxygen ligands to the central 

vanadium, phosphorus atom(s) inside [VO4]3− ion(s) [21].  
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Figure 8.4. (a) Excitation and (b) Emission spectra of LaV0.25P0.75O4: 1 mol % Dy3+ (c) A 

plot showing the relative emission intensity as a function of annealing temperature.  

 

The emission spectra of LaV0.25P0.75O4: 1 mol % Dy3+, LaV0.25P0.75O4: 1 mol % Tb3+ and 

LaV0.75P0.25O4: 1 mol % Sm3+ powder samples obtained by monitoring the excitation wavelength at 

270 nm are shown in figures 8.4(b), 8.5(b) and 8.6(b). Two relatively strong emission peaks at the 

wavelengths of 479 and 573 nm are observed for Dy activated sample. These peaks are attributed 

to the emissions associated with the (4F9/2 — 6H15/2) and (4F9/2 — 6H13/2) transitions of Dy3+ 

respectively. The emission intensities (4F9/2 — 6H15/2 and 4F9/2 — 6H13/2) were found to increase 

with an increase in annealing temperature as shown in figure 4(c). Further increase in annealing 

temperature to 1000oC, led to the decrease in the emission intensity of 4F9/2 — 6H13/2. The spectra 

for singly doped Tb activated powder samples show four emission peaks at 490, 546, 585 and 622 nm, 
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and they are assigned to 5D4 → 7Fj (j = 6, 5, 4 and 3) transitions of Tb3+ ion. Figure 8.5(c) shows a plot 

of a relative emission intensity of the prominent peak 5D4 → 7F5 as a function of annealing temperature.  
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Figure 8.5. (a) Excitation and (b) Emission spectra of LaV0.25P0.75O4: 1 mol % Tb3+ (c) A plot 

showing the relative emission intensity as a function of annealing temperature.  

 

Evidently, from the graph, the intensity increases with an increase in annealing temperature. The 

emission spectra of Sm activated samples show three bands at 562, 601 and 645 nm 

respectively. These bands are assigned to (6G5/2 — 6H5/2), (
6G5/2 — 6H7/2) and (6G5/2 — 6H9/2) 

transitions of Sm3+ respectively. Figure 8.6(c) shows the plot of a relative emission intensity 

versus annealing temperature. The intensity of the emission band was found to increase with 

an increase in annealing temperature until 700oC, such that with any further increase in 

annealing temperature resulted in the decrease in the emission intensity like in case of Dy 

activated sample. 
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Figure 8.6. (a) Excitation and (b) Emission spectra of LaV0.75P0.25O4: 1 mol % Sm3+ (c) A 

plot showing the relative emission intensity as a function of annealing temperature.  
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8.4 Conclusions  

 

Ln3+ (Dy, Sm, Tb) doped lanthanum ortho-phosphovanadate phosphor powders were 

successfully synthesized by solution combustion method. XRD confirmed the formation of 

LaV0.25P0.75O4: 1 mol % Dy3+, LaV0.25P0.75O4: 1 mol % Tb3+ and LaV0.75P0.25O4: 1 mol % Sm3+ 

compounds. The results further indicated that the structure changed with annealing temperature 

from monoclinic to tetragonal. SEM images revealed that the powder consisted of different 

shapes and non-uniform sizes. The excitation spectra showed that all the systems can be excited 

with UV radiation. Furthermore, it is observed that under ultraviolet excitation, the prepared 

phosphor powders displayed characteristic emissions of Dy, Sm and Tb. The annealing 

temperature was found to increase the luminescence intensity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

117 
 

8.5 References 

 

1. Errandonea D. Popescu C. Achary SN, Tyagi AK, Bettinelli M, Mater. Res. Bull. 50 

(2014) 279–284 

2. Wang LP, Chen LM, Mater. Charac. 69 (2012) 108 – 114 

3. Salavati-Niasari M, Saleh L, Mohandes F, Ghaemi A, Ultrason Sonochem. 21 (2014) 

653–662  

4. Park SW, Yang HK, Chung JW, Chen Y, Moona BK, Choi BC, Jeong JH, Kim JH, 

Physica B 405 (2010) 4040–4044 

5. Nunez NO, LivianoSR, Ocana M, J. Coll. and Inter. Scie. 349 (2010) 484–491 

6. Colomer MT, Mosa J, Ceram. Inter. 41 (2015) 8080 – 8092 

7. Hou D, Guo X, Liu C, Sham TK, Liang H, Gao J, Sun X, Zhang B, Zhan F, Huan Y, 

Tao Y, J. Lumin. 165 (2015) 23–29 

8. Wang X, Wang X, Zheng X, Zhang L, J. Alloys Compd. 632 (2015) 269–273 

9. Huang X, Opt. Mater. 50 (2015) 81–86 

10. Yu M, Lin J, Zhou YH, Pang ML, Han XM, Wang SB, Thin Solid Films 444 (2003) 

245–253 

11. Yang Y, Ding M, Song G, Fan W, Feng H, Chem. Phys. Lett. 639 (2015) 67–70 

12. Jafer RM, Swart HC, Yousif A, Kumar V, Coetsee E, J. Lumin. 180 (2016) 198–203  

13. Zhou R, Meng L, Li X, Opt. Mater. 51 (2016) 89 – 93 

14. Xie D, Peng H, Huang S, You F, Zhang X, Wang G, Mater. Lett. 157 (2015) 307–310 

15. Sun J, Xian J, Xia Z, Du H, J. Lumin. 130 (2010) 1818–1824 

16. Rath H, Anand S, Mohapatra M, Dash P, Som T, Signh UP, Mishra NC, Indian J. Phys. 

83 (4) (2009) 559 - 565  

17. Malevu TD, O Ocaya R, Int. J. Electrochem. Sci., 10 (2015) 1752 −1761 



 
 
 

118 
 

18. Basar K, Siagian S, Ohara K, Sakuma TI, Takahashi H, Abe O, Igawa NI, Ishii Y, 

Indonesian J. Phys. 20 (2009) 9 − 12 

19. Niu N, Yang P, Wang Y, Wang W, He F, Gai S, Wang D, J. Alloys compd. 509 (2011) 

3096 – 3102  

20. Mei Y, You H, Liang Y, Xu J, Lu F, Dai L, Lui Y, J. Alloys compd. 582 (2014) 603 – 

608.  

21. Motloung SJ, Shaat SKK., Tshabalala KG, Ntwaeaborwa OM, J. Biol. Chem. Lumin. 

31 (2016) 1069 – 1076 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 



 
 
 

119 
 

Chapter 9 Combustion synthesis and characterization of 

MV0.5P0.5O4: Sm3+
, Tm3+ (M = Gd, La, Y) 

Physica B, 2017 (accepted) 

9.1 Introduction 

Rare earth orthovanadates with general formula MVO4 have been extensively studied for a 

long time. Gadolinium (Gd3+), lanthanum (La3+) and yttrium (Y3+) orthovanadates are very 

interesting material in scientific world. This is due to their diverse range of applications. 

Gadolinium orthovanadate (GdVO4) is considered as an excellent host lattice for lasers due to 

its outstanding chemical stability, higher thermal conductivity, larger emission cross-section, 

and larger absorption cross-section [1, 2]. Lanthanum orthovanadate (LaVO4), on the other 

hand, is significant for its wide potential applications as anode material in lithium ion batteries, 

ferroelectrics, a host lattice for lasers, and a host lattice for light emitting materials (phosphors) 

[3]. Yttrium orthovanadate (YVO4) is an important oxide in material science and technology 

and has been extensively used as a source of light in applications such as field emission displays 

(FEDs), cathode ray tubes (CRTs), and plasma display panels (PDPs) [4]. 

 

Lately, rare earth orthophosphates have generated interest due to their potential applications in 

various areas [5]. Recent investigations proved that LnPO4 phosphors are promising candidates 

for backlit liquid crystal displays (LCDs), plasma display panels (PDPS), field emission 

displays (FEDs), and new generation fluorescent lamps [6] among other things. Lanthanum 

orthophosphate LaPO4, in particular, is a potential host lattice for phosphor materials that can 

efficiently absorb the energy in the vacuum ultraviolet (VUV) region and can be applied in the 

mercury-free fluorescent lamps and plasma display panels [7]. Gadolinium orthophosphates 

(GdPO4) co-doped with different types of luminescing ions have potential use as red, orange 

or green phosphors for ultra-violet light emitting diodes because of their intense excitation 

spectra in the ultraviolet region, solar spectrum conversion, IR sensor etc. [8]. Also, recent 
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investigations have proved that yttrium orthophosphate YPO4 is one of promising candidates 

for PDP applications because of its high absorption and luminescence efficiencies in the 

vacuum ultra-violet (VUV) region [9]. 

 

The ultimate goal of this work was to prepare and characterize rare earth activated lanthanide 

phosphovanadate. This system (phosphovanadate), as it is mentioned in chapter 4, is a 

combination of two systems, namely, orthophosphate (LnPO4) and orthovanadate (LnVO4) that 

are mixed together [10]. Several synthesis methods including solid-state method [11], 

hydrothermal synthesis [12] and co-precipitation [13], among others, have been used to prepare 

these systems. 

 

In this study, a solution combustion method was used to prepare the GdV0.5P0.5O4: Sm3+, Tm3+, 

LaV0.5P0.5O4: Sm3+, Tm3+ and YV0.5P0.5O4: Sm3+, Tm3+ powder phosphors. This method was 

chosen because of its cost effectiveness, time saving and straightforwardness. The structure, 

surface morphology and optical properties were investigated. The ultimate goal of this work is 

to prepare phosphor materials that can be used as down converters in dye sensitized solar cells 

(DSSCs). Ultraviolet light usually degrades the organic dyes in DSSCs, furthermore, the 

quantum efficiency of DSSCs in the ultraviolet wavelength range is relatively lower than in the 

visible light wavelength range [14]. Therefore, it is of great importance to coat DSSCs with 

materials that will harvest ultraviolet light and re-emit visible light. We will not report on the 

application of these materials in DSSCs.    
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9.2 Experiment 

9.2.1 Materials 

The following starting materials: Gadolinium nitrate hexahydrate (Gd(NO3)3.6H2O), 

Lanthanum nitrate hexahydrate (La(NO3)3.6H2O), Yttrium nitrate hexahydrate 

(Y(NO3)3.6H2O), ammonium metavanadate (NH4VO3), ammonium phosphate (NH4H2PO4), 

Samarium nitrate hexahydrate (Sm(NO3)3.6H2O), thulium nitrate hexahydrate 

(Tm(NO3)3.6H2O) and urea (CH4N2O) were used as starting materials.  All chemicals were of 

analytical grade and were used without further purification. 

 

9.2.2 Synthesis  

Samarium and thulium co-activated GdV0.5P0.5O4 phosphors were synthesized by solution 

combustion method using urea as a fuel.  In a typical preparation, stoichiometric amounts of 

Gd(NO3)3.6H2O, NH4VO3, NH4H2PO4, Sm(NO3)3.6H2O, Tm(NO3)3.6H2O and urea were 

dissolved in deionized water.  The molar concentrations of Sm3+ and Tm3+ were kept at 1 and 

1.5 mol % respectively, for all the samples. After vigorous stirring, a pale yellow homogeneous 

solution was obtained.  The solution was then transferred into a muffle furnace where the 

preparation temperature was set at 600 ± 10 oC.  Due to this high temperature, the water 

evaporated and the reagents decomposed and released large amount of gases.  The resulting 

combustion ashes were allowed to cool down in air to room temperature and were ground 

gently using pestle and mortar. Finally, the synthesized powders were annealed at 900 oC for 2 

hours in air, and they were ready for characterization. The same procedure was used for the 

preparation of Samarium and thulium co-activated LaV0.5P0.5O4 and YV0.5P0.5O4 respectively. 
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9.2.3 Characterization 

For the structure and phase identification, the powder samples prepared were characterized by 

XRD (Bruker D8 Advanced Powder Diffractometer).  The X-ray radiation used during the 

measurement was a CuKα source (λ= 1.5406 Å).  The morphology and elemental composition 

of the materials were obtained using Jeol JSM-7800F field emission scanning electron 

microscope (FE-SEM) fitted with Oxford Aztec 350 X-Max80 energy-dispersive X-ray 

spectroscopy (EDS). Reflectance spectra were measured using UV-Vis spectrophotometer 

Lambda 950 (PerkinElmer).  The photoluminescence data were recorded using a Hitachi F700 

fluorescence spectrophotometer.   

 

9.3 Results and discussion 

9.3.1 X-ray diffraction 

The phase structure, purity and crystallinity of the prepared powder phosphors were 

investigated by XRD. The XRD pattern of GdV0.5P0.5O4: Sm3+, Tm3+ powder phosphor 

annealed at 900 oC for 2 hours is presented in figure 9.1(a) and the peaks are in good agreement 

with those of tetragonal structure of gadolinium orthovanadate referenced in JCPDS file no. 

72-0277. It can also be observed from the figure that all the peaks are slightly shifted towards 

the higher angles. The shift is possibly due to strains caused by the difference in ionic radii of 

vanadium (~ 0.54 Å) and phosphorus (~ 0.35 Å) [15]. Figure 9.1(b) shows the XRD pattern of 

LaV0.5P0.5O4: Sm3+, Tm3+ powder phosphor annealed at 900 oC for 2 hours. The pattern is 

indexed to a monoclinic structure referenced in JCPDS file no. 23-0324. The XRD results 

further reveal that all the peaks have shifted to lower values of 2θ due to stress induced by 

difference in ionic radii of vanadium and phosphorus. Figure 9.1 (c) gives the XRD pattern of 

YV0.5P0.5O4: Sm3+, Tm3+. Compared with bulk YVO4 (JCPDS file no. 17-0341) and YPO4 

(JCPDS file no. 11-0254), the XRD peaks are located in between and this suggest that the 
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prepared powder phosphor is an admixture of both compounds. It is clear from figure 9.1 (a − 

c) that the peaks are sharp and slightly broadened, and this is the indication that the prepared 

powder phosphors are well crystalline and have small crystallite size [16]. The lattice strain 

and the crystallite sizes were estimated from equation 4.1 and they are tabulated in table 9.1. 

A plot of β cos θ as a function of sin θ for GdV0.5P0.5O4: Sm3+, Tm3+ is presented in figure 9.1(d). The 

same procedure was used for LaV0.5P0.5O4: Sm3+, Tm3+ and YV0.5P0.5O4: Sm3+, Tm3+. 
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Figure 9.1. XRD pattern of (a) GdV0.5P0.5O4: Sm3+, Tm3+ JCPDS file of GdVO4, (b) LaV0.5P0.5O4: Sm3+, 

Tm3+ and JCPDS file LaVO4 (c) YV0.5P0.5O4: Sm3+, Tm3+ powder and JCPDS file. (d) a plot of β cos θ 

against sin θ of GdV0.5P0.5O4: Sm3+, Tm3+ 

 

Table 9.1: Lattice strains and average crystallite sizes 

 lattice strain  Crystallite Size (nm) 

GdV0.5P0.5O4: Sm3+, Tm3+ 0.014 54.09 

LaV0.5P0.5O4: Sm3+, Tm3+ 0.001 28.23 

YV0.5P0.5O4: Sm3+, Tm3+ 0.021 61.23 
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9.3.2 Scanning electron microscopy      

Surface morphologies of the prepared powder samples were investigated using SEM. Figure 

9.2 illustrate SEM images of (a) GdV0.5P0.5O4: Sm3+, Tm3+ (c) LaV0.5P0.5O4: Sm3+, Tm3+ (e) 

YV0.5P0.5O4: Sm3+, Tm3+. In general, the particles are not evenly dispersed, but they are less 

agglomerated and composed of mixed shapes, varying from spheres to three dimensional 

structures of different lengths and sizes. Figure 9.2 shows, also, the size distribution histogram 

of (b) GdV0.5P0.5O4: Sm3+, Tm3+ (d) LaV0.5P0.5O4: Sm3+, Tm3+ (f) YV0.5P0.5O4: Sm3+, Tm3+. The IMAGE-

J software was used to produce particle size distribution from 166 (b), 419 (d) and 97 (f) particles in 

each sample respectively. The average particle sizes were found to be ~ 53.8, ~ 205 and ~ 230 nm for 

GdV0.5P0.5O4: Sm3+, Tm3+ LaV0.5P0.5O4: Sm3+, Tm3+ and YV0.5P0.5O4: Sm3+, Tm3+ respectively. 
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Figure 9.2. SEM micrographs and size distribution histograms of (a and b) GdV0.5P0.5O4: 

Sm3+; Tm3+, (c and d) LaV0.5P0.5O4: Sm3+; Tm3+ and (e and f) YV0.5P0.5O4: Sm3+; Tm3+. 
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9.3.3 UV-Vis spectroscopy  

Figure 9.3 shows the room temperature reflectance spectra of MV0.5P0.5O4: Sm3+, Tm3+ (M=Gd, 

La and Y). The spectra display similar trend with a broad absorption band ranging from 200–

550 nm and a small band at wavelength ~ 700 nm corresponding to 3H6—
3F3 Tm3+ transition. 

This broad absorption band is attributed to the O → V charge transfer transitions of [VO4]
3− 

[16]. In order to approximate the band gap energies of the prepared powder samples, 

transformed Kubelka-Munk reflectance was used. The band gap energies, as shown in figure 

9.3 (b), were estimated to be 2.4 eV, 2.3 eV and 2.2 eV for GdV0.5P0.5O4: Sm3+, Tm3+, 

LaV0.5P0.5O4: Sm3+, Tm3+ and YV0.5P0.5O4: Sm3+, Tm3+ respectively.  
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Figure 9.3. UV-vis reflectance spectra of (a) and (b) Transformed Kubelka-Munk reflectance 

YV0.5P0.5O4: Sm3+, Tm3+ 

 

9.3.4 Photoluminescence spectroscopy 

Figure 9.5(a) exhibits the excitation spectra of GdV0.5P0.5O4: Sm3+, Tm3+, LaV0.5P0.5O4: Sm3+, 

Tm3+ and YV0.5P0.5O4: Sm3+, Tm3+ phosphor powders. The spectra were recorded when 

monitoring the emission wavelength at 602 nm. These samples show a strong broad band 

between 200 and 350 nm with a maximum at 270 nm. This strong band is ascribed to ligand to 

metal charge transfer (LMCT) from oxygen ligands to the central vanadium, phosphorus 

atom(s) inside [(V,P)O4]
3− ion(s) [17]. The emission spectra of GdV0.5P0.5O4: Sm3+, Tm3+, 
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LaV0.5P0.5O4: Sm3+, Tm3+ and YV0.5P0.5O4: Sm3+, Tm3+ obtained by monitoring the excitation 

wavelength at 270 nm are shown in figure 9.4(b). These emission spectra further exhibit four 

other emission peaks at 477, 565, 602 and 648 nm. The peak at 477 nm, which protrude from 

a strong broad emission band extending from 400 nm to 550 nm, is attributed to 1G4 →
3H6 

transition of Tm3+ while the strong broad band originates from the host. The other three 

emission peaks are ascribed to 6G5/2 → 6H5/2
 (565 nm), 6G5/2 → 6H7/2 (602 nm) and 6G5/2 → 6H9/2 

(648 nm) transitions of Sm3+. The photoluminescence excitation spectra show a broad band in 

the ultraviolet range, whereas the photoluminescence emission spectra show line emissions and 

this suggests that there is energy transfer from the hosts to the activators. For this study, the 

photoluminescence intensity was found to be the highest when Gd was incorporated. 
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Figure 9.4. (a) Excitation and (b) Emission spectra of MV0.5P0.5O4: Sm3+, Tm3+ (M = Gd, La, 

Y)  
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9.4 Conclusion 

 

In summary, we have successfully synthesized GdV0.5P0.5O4:Sm3+, Tm3+, LaV0.5P0.5O4:Sm3+, 

Tm3+ and YV0.5P0.5O4:Sm3+, Tm3+ phosphor via solution combustion method using urea as a 

fuel. The XRD results confirmed that the prepared phosphor powders are single phase crystals. 

These results further confirm that Gd and Y systems have tetragonal phase while La system 

showed monoclinic structure. UV-Vis reflectance spectra of the three systems showed a broad 

absorption band towards ultraviolet region and the band gap energies were calculated using 

transformed reflectance Kubelka-Munk plot. The SEM images showed that the prepared 

phosphor powders have different morphologies and non-uniform sizes. The photoluminescence 

excitation and emission results indicated that these materials absorb UV radiation and re-emit 

in the visible region. Thus, the prepared materials have potential application as down 

conversion material for enhancing the dye sensitized solar cell efficiency. 
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Chapter 10 Summary, conclusion and future work 

10.1 Summary 

The crystal structure, surface morphology and photoluminescent properties of rare earth (Dy3+, 

Sm3+, Tb3+, Tm3+) activated lanthanide phosphovanadate, MV0.5P0.5O4 (M = Gd, La, Y), 

phosphor powders were investigated. These phosphors were prepared by solution combustion 

method. The preparation temperature was maintained at 600 ± 10oC and urea was used as a 

fuel throughout the study.  

 

The XRD results revealed that MV0.5P0.5O4: RE is a single-phase crystal with GdV0.5P0.5O4: 

RE and YV0.5P0.5O4: RE crystallizing in a tetragonal structure and LaV0.5P0.5O4: RE crystallizes 

in a monoclinic structure. These results further indicate that the prepared phosphors are well 

crystalline. The crystallinity was further confirmed by HRTEM. The crystallite sizes of 

MV0.5P0.5O4: RE phosphors were estimated from the Williamson–Hall equation, and they are 

ranging between 10 and 90 nm. 

 

The surface morphology as observed from FESEM images of MV0.5P0.5O4: RE phosphors show 

that the phosphor powder is less agglomerated and it is consisted of particles that are not evenly 

dispersed with mixed shapes including three dimensional structures of different lengths and 

sizes. The incorporation of rare earth ions did not cause any noticeable change on the 

morphology of the prepared phosphor. The presence of these ions and the main elements 

forming MV0.5P0.5O4 compound were confirmed by EDS. 

 

The UV-Vis results of MV0.5P0.5O4: RE phosphors showed a broad absorption band towards 

ultraviolet region with a maximum absorption at ~270nm wavelength. This strong band is 

attributed to charge transfer from oxygen ligands to the central vanadium atom(s) inside 
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(VO4)
3− ion(s). The estimated band gap energies derived from the transformed Kubelka–Munk 

reflectance were ranging between 3 and 5 eV. 

 

The photoluminescence results of MV0.5P0.5O4: RE phosphors showed a strong broad excitation 

band between 200 and 350 nm, although in some cases, f→f transitions beyond 350 nm were 

observed. The broad band was attributed to charge transfer from oxygen to vanadium within 

the host while f→f transitions were due to the presence of activators within the host matrix. On 

the other hand, the PL emission spectra displayed emission line resulting from different 

activators. In most cases this emission lines were protruding from a broad emission band 

between 400 to 650 nm wavelength, which was due to the host. The fact that the broad 

excitation band resulted in line emissions suggest that there was energy transfer from the host 

to the activators. It is therefore, clear from the UV–Vis and PL data that the wavelength range 

at which the strong broad band extends, suggests that the prepared phosphors may be a good 

candidate for the absorption of UV radiation and subsequent emission of visible photons. 

 

In conclusion, this study demonstrated that lanthanide phosphovanadate is a single phase 

crystal. Depending on the type of lanthanide used, lanthanide phosphovanadate crystallizes in 

a monoclinic or tetragonal structure. These materials were found to be excellent for absorption 

of UV radiation due to orthovanadate group within the host. Rare earth dopants thus received 

efficient energy transfer from the orthovanadate group and displayed corresponding 

characteristic emissions of distinct rare earth ions.   
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10.2 Future Work 

The MV0.5P0.5O4 (M = Gd, La, Y): Ln3+ (Ln = Dy, Sm, Tb, Tm) phosphor materials presented 

in this thesis are mainly powders. However, down conversion (DC) phosphor materials for 

solar cells applications are usually applied as thin layers (thin films) on the outer surface of the 

solar cell. These DC materials are mainly used to harvest UV radiation from the sun and down 

convert it to visible light. Furthermore, they are used to protect the electrolyte within the dye 

sensitized solar cell from UV radiation. It is therefore, important to prepare these phosphors in 

the form of thin films and investigate their luminescent and photovoltaic properties. 

 

The SEM results reported in this thesis indicated that the prepared nanophosphors are slightly 

agglomerated and they are consisted of non-uniform sizes and shapes. Although the latter is 

appropriate for the scattering process, but it will be also vital, to improve the synthesis method 

or alternatively find another synthesis method where one will be able to control the particle 

size and morphology. 

Thus, it is suggested that: 

1. MV0.5P0.5O4 (M = Gd, La, Y) thin films are prepared by 

 pulsed laser deposition (PLD), 

 spin coating and/or 

 chemical bath deposition (CBD) 

Thermal and physical stability and luminescent properties of these thin films will be 

investigated. 

2. To control the morphology and size, the following synthesis techniques will be used to 

synthesize these nanophosphors. 

 Sol-gel and chemical bath deposition 
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