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Synopsis

1. Introduction

The present era is in demand of energy and especially clean energy and towards this
perspective one of the suitable and sustainable option is nuclear power. The
emergence of nuclear industries has helped improving the global energy scenario to a
better extent but at the same time it has also raised serious safety and security issues
due to radio activities from its fissile/fertile materials as well as fission products. The
detection and estimation of radioactive heavy metal ions in trace level is an important
requirement. To this end, fluorescence spectroscopy involving lanthanides and
actinides is a promising technique owing to its high sensitivity. Of all the actinide ions,
uranium has gained much attention owing to its multiple oxidation states. The
fluorescence property of uranium is quite interesting as uranium shows strong
fluorescence in aqueous solution, solid ceramic matrices as well as in glasses [1, 2, 3,
and 4]. Uranium doped glasses and ceramics are used as internal actinometers in
biological chemistry [5], as luminescent sensors [6] and in uranium detection assays
[7].

At present, uranium incorporated solid matrices are active area of research. It has
gained much interest in nuclear fuel cycle. The solid hosts are one of the suitable
options for long term storage of radioactive nuclear waste. Uranium is considered as
an intermediate-level radioactive waste and its isotopes impart long-term dose. The
conventional method of storage of high-level radioactive waste (HLW) arising from
spent nuclear fuel is immobilization of HLW in vitreous waste form in alkali boro
silicate glass matrix [8]. Although it is a standardized regular practice but certain

drawbacks exist. In long run, certain fission products prefer to reside in a crystalline



phase which may lead to devitrification and unstability of the glass matrix is likely to
take place. In this context, ceramics are better candidates as they show better chemical,
radiation and thermal stability than glasses [9]. To be very particular, ceramics that
mimics natural minerals may serve the purpose well, wherein the fission product
elements can be constrained resulting in radioactive stability and restricted leaching.
Uranium being a heavy element, its incorporation and stabilization in solid matrices is
always challenging. In many matrices Uranium is not soluble and may undergo for a
second phase formation. In some matrices though it is soluble, its interaction with
surrounding ligand field results with no luminescence i.e. non-radiative decay is
proactive and extraction of information about it becomes difficult. Thus, it is of great
interest to find a suitable solid matrix for radioactive waste.

In this regard Phosphate based ceramics are of great interest. It has been found to be
an excellent host to stabilize substantial quantities of nuclear waste for a long term
purpose [10]. In our present study uranium doped in alkaline earth boro phosphate
(MBPOS5, M= Ca, Sr, Ba) as well as in borate matrix (BaB204, BaAl2B207) has been
discussed from different perspectives.

2. Scope of the present study

In present study we have investigated luminescence properties of uranium doped boro-
phosphate solid matrices such as CaBPOs, StBPOs, and BaBPOs and also uranium
doped borate matrices such as BaB,04 and BaAl,B,0;. Our study involves synthesis
as well as characterization of the solid matrices. Here one of our prime objectives is to
probe the oxidation state of uranium in different solid matrices. In addition to this,
information regarding the form of stabilization of uranium is also quite interesting. In

order to validate the matrix with respect to accommodating uranium the compatibility
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with the host environment with its increased concentrations were also evaluated. The
coordination behaviour with the surrounding ligand atoms present in host is an
important fact to discuss as it gives an idea about uranium speciation depending on the
host matrix and therefore, studies were carried out in that direction. Uranium being a
green emitter is always known to be a good donor for red emitters, thus its behaviour
towards a co-dopant like Eu/Sm were also investigated to probe possible energy
transfer phenomenon.
3. Organization of the thesis
3.1. Chapter 1

This chapter is an introductory chapter to the thesis. To start with a brief
introduction to luminescence, its modern day applications and advantages have been
discussed. In order to give a clear insight in to luminescence, its basic mechanisms are
also described. Various luminescent materials and its application in different fields
such as lighting, imaging and detection are highlighted. The emergence of different
types of solid host matrices and varieties of dopant ions are also discussed. Followed
by this a brief introduction to thesis has been given. This particular section mainly
deals with basics of uranium luminescence. The electronic origin behind uranium
luminescence is discussed. The luminescence behaviour of different forms of uranium
i.e. uranyl, uranate is also discussed. Uranium luminescence in different solid host
matrices is briefly noted here. Importance of analysis of uranium luminescence spectra
to elucidate information about the matrix as well as uranium itself is also explained.
Next to this the motivation towards present work i.e. incorporation of uranium in to
solid ceramics has been highlighted followed by the scope of the thesis i.e. the brief

representation of our thesis work has been discussed.
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3.2. Chapter 2

This chapter describes the experimental procedures of synthesis of phosphors
through different routes and the analytical techniques used to characterize and study
the luminescence properties of the phosphors. The conventional solid state, co-
precipitation and combustion routes were followed for sample preparation whereas
XRD and SEM were used for characterization of structure and morphology of samples
respectively. Luminescence and life time decay were carried out for detailed photo
luminescence study. EXAFS analysis was done for speciation and site occupancy
studies of uranium.

3.3. Chapter 3

This chapter is more about luminescence of uranium in Strontium borophosphate
(SrBPOs) matrix. Strontium borophosphate (SBP) with and without uranium doped
samples were synthesized through solid state reaction route in air atmosphere at
different annealing temperatures. The dopant ion concentration was varied between 1
to 8 mole percent. X ray diffraction studies confirmed the formation of single phase
compound in all the samples without any impurity phase up to 8 mol% of the dopant
ion. The overall morphology and particle size was confirmed by scanning electron
microscopic studies which suggested the presence of uneven, agglomerated particles
with less than 1 um individual size. It was observed that upon annealing at higher
temperatures, the particles get agglomerated more and more with smooth boundaries.
Photoluminescence (PL) studies confirmed stabilisation of uranium as uranyl ion
(UO,™) in the system. Based on the PL emission data concentration quenching was
observed beyond 7 mol% of the dopant ion concentration. The critical distance (L)

was estimated to be 3A suggesting Dexter type of energy transfer mechanism

iv



responsible for the quenching. The life time decay studies indicated the presence of
two different types of environment around Uranyl ion. On annealing at temperatures
beyond 900 C the PL emission and decay time reduced drastically. It was concluded
that on annealing at temperatures beyond 900°C, defect centres get agglomerated
around the metal ion providing non radiative pathways for the energy to get dissipated
thereby reducing the PL emission and decay time. Color coordinates were evaluated
for the 7 mol% uranium doped sample annealed at 900 C. The values suggested that
the system can be used as a potential green emitting phosphor material.

3.4. Chapter 4

This chapter mainly deals with Uranium luminescence and its speciation in a series of
Alkaline earth (calcium, strontium and barium) boro phosphate matrices. In brief the
alkaline earth (calcium, strontium and barium) boro phosphates doped with uranium
(U) were prepared through conventional solid state reaction route. The form of
stabilized uranium in these solid matrices was characterized and investigated using X-
ray diffraction (XRD), photo luminescence (PL) and extended X-ray absorption fine
structure (EXAFS). XRD measurements confirmed the single phase formation of
uranium doped alkaline earth boro phosphate samples. The PL of uranium in calcium
and barium borophosphate is studied for the first time. Photoluminescence studies
indicated presence of uranium as Uranyl in StTBPOs and CaBPOs matrices whereas in
case of BaBPOs the indication was for uranate species. The life time data corroborated
presence of a different uranium species in STtBPOs, CaBPOs and BaBPOs. The site
occupancy of uranium was further probed using EXAFS which confirmed that in case
of BaBPOs, uranium enters the host as uranate whereas in case of SrBPOs; and

CaBPOs, uranium enters as Uranyl.



3.5. Chapter 5

In this chapter an investigation of energy transfer phenomenon from Uranium
to europium as well as samarium in Strontium borophosphate matrix was carried out.
Often the f-f transition of the lanthanide ions suffers from poor (direct) excitation and
emission cross section due to their forbidden nature. This can be overcome by the use
of a suitable co-dopant ion which can transfer its energy to the lanthanide thereby
increasing the overall efficiency of the system. In this context, SBP samples
incorporated with Eu and co-doped with U were synthesized via solid state reaction
route and the possible energy transfer mechanism was investigated using
photoluminescence spectroscopy. It was observed that while ‘Eu’ was stabilised in its
trivalent state, uranium was stabilised as the uranyl ion (U022+) in this stillwellite host.
In the co-doped system, uranyl to europium energy transfer was observed. Detailed
mechanism for the observed energy transfer was studied using emission, excitation
and photoluminescence decay time measurements. Similar studies were also carried
out for SBP: U, Sm and here also energy transfer process was discussed.

3.6. Chapter 6

This chapter deals with luminescence of uranium in barium borate (BaB,O4) and
BaAl;B,07 host matrices. It includes synthesis, characterization, luminescence studies,
life time decay studies, colour co-ordinate calculation. The uranium site occupancy
and its speciation studies by EXAFS measurements were also reported here.

3.7. Chapter 7

This chapter summarizes the results and conclusions obtained in the present work.

This chapter also discusses about scope for the future work in this field.
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Chapter 1

Introduction






1. General Introduction:

The field of luminescence has achieved a sustained growth both in fundamental aspects and
applications in a highly interdisciplinary area like chemical sciences, physics, mineralogy,
gemmology, biophysics, biochemistry as well as in biotechnology. This powerful tool has
been proved to be sensitive enough to replace radioactive tracers for many biochemical
measurements [1-6]. It is extensively used in flow cytometer, medical diagnostics, DNA
sequencing, forensics and genetic analysis [7-13]. Fluorescence in situ hybridization
(FISH) technology has brought advancement in determining the chromosomal assignment
and sub chromosomal localization of cloned DNA sequences [14-19] Fluorescence
resonance energy transfer (FRET) technology is an advanced process used to study protein
interactions, detect specific nucleic acid sequences and used as biosensors [20-25]. It can
also improve imaging of intracellular molecules, even at the level of single-molecule
detection. This effective technique is also dominating in coal petrology and mineral oil
exploration [26, 27]. At present in the global portfolio one of the best contribution of
fluorescence spectroscopy is development of phosphor based white light emitting diodes
(WLED) leading to significant conservation of energy [28-36].

1.1 Introduction to Luminescence:

The word “Luminescence” is derived from a Latin word lumen which means light. In 1888
Eilhardt Wiedemann [37] a German physicist proposed the definition of luminescence as
“for all those phenomena of light which are not solely due to the rise in temperature”. In
general, a molecule placed at higher energy level is unstable and to attain stability it
undergoes de-excitation process, loses energy and returns to ground state. Luminescence is

a photo physical phenomena where the molecule gets excited to its higher electronic states



by non-thermal excitation and during de-excitation emits light in the visible or near visible
region. Depending on the excitation source luminescence can be termed differently (Table
1.1).

Table. 1.1 Types of luminescence

Type Excitation Applications
source

Photoluminescence UV photons Fluorescent Lamps

X-Ray Luminescence  X-rays X-Rays intensifier

Cathode luminescence Electrons TVs, monitors

Electro Luminescence Electric field LEDs, EL Displays

Thermo Luminescence Heat Age determination

Chemiluminescence Chemical Emergency Signals
Reaction

Bioluminescence Bio Chemical Fireflies, Jelly fish
Reaction

Sonoluminescence Ultrasound -

Mechanoluminescence Mechanical -

Energy



When the excitation source is electromagnetic radiation such as ultra violet or visible
radiation the luminescence process is termed as ‘Photoluminescence’. Depending on the
nature of excited states, luminescence can be divided into two categories, the fluorescence

and phosphorescence. In fluorescence the transitions occur between singlet states, a spin
.- . .. cp - -7 8 .
allowed transition with radiative life time of 10 —10 s whereas in phosphorescence the
-3
emission is from triplet state, a spin forbidden transition with the life time of about 10 —

4
10 s. The emitted wavelength is longer than incident wavelength and the difference
between absorption and emission maxima is called Stokes [38] shift.

1.2 Photo physical processes in electronically excited molecules:
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Figure 1.1: The foundation of a typical Jablonski diagram [web ref.1]



The Photo physical processes can be better explained by Jablonski Diagram proposed by
Aleksander Jablonski, a Polish academic [39]. This represents (Figure 1.1) energy levels
on a vertical axis.

The energy levels here are schematically represented and quantitatively denoted. Here for
a particular molecule vertical columns are arranged and the columns represents specific
spin multiplicity. The horizontal lines present in a column represents eigenstates for a
particular molecule. Among the horizontal lines the bold one indicates the limits of
electronic energy states. The electronic energy states are consist of several vibronic energy
states. Irrespective of several possible vibrations, only a few of the vibrational eigenstates
are taken in to consideration. Each vibrational energy state is again associated with
rotational energy levels; however, typical Jablonski diagram does not consider rotational
energy levels in details. According to classical mechanics, the difference in energy at higher
electronic energy states becomes continually less, and slowly it becomes a continuum. In
addition to this the vibronic energy levels are more prone to overlap with each other as the
electronic energy levels get closer approximation. When a molecule get exposed to a
particular wavelength, it absorbs some energy and depending on the absorbed energy
transition happens. Throughout the diagram straight and curved lines are used to show
different types of transitions between eigenstates. Here the conversion of energy of an
electron in to a photon of light is shown by straight lines whereas curved lines represent

transitions of electrons without any light emission.

1.2.1 Absorption:



Jablonski diagram explains absorption as an electron excitation process. Here the electron
excites from a lower energy level and falls in to a higher energy level (Figure 1.2).
Absorbance takes place on the order of 107!3 seconds and here it is indicated by a straight
arrow line. The eigenstate to which the electron transition takes place is governed by the
energy of the photon. The energy difference between two different eigen states are the only
energies that can be absorbed. The most probable electronic transitions occurs from the

lowest (ground) electronic state.
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Figure 1.2: Possible absorption transitions from ground electronic state to higher

electronic states [web ref 2]

The availability of electrons in the ground electronic state follows Boltzmann distribution
law and it is a function of the Boltzmann's constant as well as the temperature of the system.
The electrons present in the low lying ground state make transition to excited electronic
states which are comprised of vibrational states. Although there are several electron
transitions take place from the ground state but the most important i.e the most probable

electronic transition during photon absorption is that, which originates from the center of



v=0 vibrational level. The time taken for an electronic transition is of the order of 10'%s,
whereas the time period for vibration is about 103 s which is nearly 100 times slow
resulting in no change in inter-nuclear distances (born oppenheimer approximation) during
light absorption. Hence, the electron transition is represented by a vertical line which is
parallel to the potential energy axis and originates from the lower potential curve to the
upper excited state curve. According to Franck Condon principle “Electronic transitions
(on the order of 10°1° s) are so fast when compared to the nuclear motion on the order of
1013 s that immediately after the transition, there is no relative change in the position and
momentum of the involved nuclei. It expresses the difficulties of rapid conversion of
electronic energy in to vibrational kinetic energy. It has given importance to the

conservation of momentum and position of the nuclei during electronic transitions.



1
|}

Potential energy
1

Y

Nuclear coordinates

Figure 1.3: Frank-Condon energy diagram [web ref 3]

In Frank-Condon energy diagram, the most probable transition is represented as a straight
vertical line arising from the lower potential curve running parallel to the potential energy
axis and finally meets the upper excited state curve. According to Franck Condon principle
“The time scale for electronic transitions are very short (10713 s) when compared to the
nuclear motion (103 s) and thus immediately after the electronic transition, the nuclei

possess nearly the same relative position and momentum as earlier (Figure 1.3).



The electronic transitions are governed by following selection rules.

i) no restriction on changes in n; An = any value.

11) S can combine with its own value; AS =0

1ii) L can vary by 0 or = 1 unit; AL=0, £ 1

iv) Laprote rule: J can vary by 0 or + 1 except that J = 0 to J = 0 transition is not

allowed; AJ =0, + 1

An excited electron has multiple ways to dissipate its excited energy. The energy
dissipation can occur either in a non-radiative way or in a radiative way. Figure 1.4

represents the possible electronic transitions.
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Figure 1.4: A schematic Jablonski diagram presenting possible electronic transitions
[web ref 4]

1.2.2 Non-radiative forms of energy dissipation:

1.2.2.1 Vibrational relaxation:

10



It is a non-radiative process. The curved arrow between vibrational levels in fig.1.4 shows
vibrational relaxation. Here the excited energy associated to the electron is dissipate away
to various nearby vibrational modes as kinetic energy. This kinetic energy again can be
dissipated to nearby molecule. This process happens in the order of 1014 10! seconds.
Being a very fast transition, vibrational relaxation mostly occurs immediately after the
absorbance. Vibrational relaxation shows limitations and its occurrence is within the
vibrational levels.

1.2.2.2 Internal conversion:

Transition of an excited electron from a higher vibration level in one of the higher electronic
state to another vibration level placed in a lower electronic state is termed as internal
conversion. The reason is vibrational energy levels show strong overlap with electronic
energy levels and thus the excited electron makes the transition. The internal conversion
process is almost mechanistically similar to vibrational relaxation. In figure 1.4 shows
internal conversion by curved arrow lines showing transition between two vibrational levels
placed in different electronic states. With increase in energy level, the manifold of
vibrational and electronic eigenstates becomes closer.

At higher energy levels, the manifold of vibrational energy levels and electronic levels
shows very good overlapping. This energy overlap leads to an easy path way for electron
transition between vibrational levels and finally it falls in to a lower electronic state. The

time frame for both internal conversion and vibrational relaxation are almost same and that

11



is why it is very likely for molecules to loose energy from light perturbation. The large
energy difference between ground state energy level and the first excited state energy level
does not allow overlapping of corresponding vibrational levels and thus internal conversion
is not favorable. Electron transitions are always associated with both vibrational relaxation
as well as internal conversion.

1.2.2.3 Intersystem crossing:

An excited electron may follow intersystem crossing for the dissipation of excited. Here
interestingly within the time frame of 108 to 10-3S the electron changes its spin multiplicity
from an excited singlet state to an excited triplet state. In Fig. 1.4 intersystem crossing is
shown. This is the slowest electronic transition process. As per to electronic selection rules
this transition is a forbidden one as it does not follow spin conservation rules but the spin
orbit coupling relaxes the rule and thus inter system crossing is partially allowed transition.
This is also a competitive process with respect to fluorescence. There are also various other
non-radiative transitions which lead to many of the molecules not exhibiting fluorescence
or phosphorescence. The molecular collision, quenching, energy transfer between
molecules, and self-absorption are some of the above process. The overlap in absorption
and fluorescence spectrums of a molecule or between two different molecules facilitates
energy transfer process. These non-emitting processes takes away the excited energy in a

non-radiative way and thus fluorescence gets affected or quenched.
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1.2.3 Radiative form of transitions:

1.2.3.1 Fluorescence:

The radiative pathway deals with emission of photon upon absorption of photon. One form
of radiative pathway is termed as fluorescence. The straight line in figure 1.4, i.e. going
down parallel to the energy axis between several electronic states represent fluorescence.
Fluorescence occurs in the time frame of 10 to 107 seconds and thus is a slow process.
Fluorescence is an allowed transition and it follows the spin multiplicity rule. At higher
energy states, non radiative paths like internal conversion and vibrational relaxations are
dominating processes for energy dissipation so when an electron reaches in the first excited
electron state, the most probable transition is to the ground electron state and this is known
as fluorescence. There is an energy difference between exciting photon and emitted photon
in fluorescence process and it is obvious as this difference arises as some of the excited
electron undergoes several no-radiative process like internal conversions, vibrational

relaxations before coming to the first excited state.

1.2.3.2 Phosphorescence:

Phosphorescence is also a radiative transition process. Here excited electron placed at
excited triplet state make a slow transition to the singlet ground state with a time scale of
10 to 10°!S. As the spin multiplicity changes during the transition, so this process also a

forbidden one. In addition to this, the one more radiative transition is delayed fluorescence.

13



Here, following the intersystem crossing from a singlet to a triplet state the system again
reaches back to the singlet state with support of the thermal energy present in the

surrounding leading to fluorescence but with a time lag.

1.3 Luminescent Material :

A luminescent material, is also known as a phosphor that can convert various types of
energy to light energy over and above thermal radiation [40]. These phosphors are mostly
solid-state inorganic materials but some organic materials are also known for it. The
scientific research on phosphors has a long history of more than 100 years. The world has
profited immensely with the advent of phosphor technology that provided emissive devices
with high light output at reduced cost. Over the past few years, intensive research has been
devoted to realize efficient luminescent materials for their applications in emissive displays
and energy saving fluorescent lamps. Recently the appearance of new types of displays and
light emitting devices (plasma displays, fluorescent lamp without mercury, white light
emitting diodes, and non-radioactive phosphorescent materials) induced an increase in the
research activities for phosphors with better luminous efficiency [41-47]. A phosphor
consists of a host lattice and a luminescent center, often called as an activator or dopant.
The role of the host lattice is to provide a favorable environment for the activator to emit
efficiently though presence of the activators is not indispensable to observe the
luminescence. Phosphors like CaWO4 are known to exhibit strong luminescence without
any activator [48]. The role of activators is to activate the host by creating efficient

luminescent centers within the forbidden gap of host material. In the process of

14



luminescence, the exciting radiation is absorbed by the activator, raising it to an excited

state and then from the excited state it returns to the ground state by emission of radiation.

Composition = Host material + Dopants + Defects + Impurities
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Figure 1.5: Role of Elements in making phosphor (web ref.5)

The color of the emission can be controlled to a great extent with the right combination of
activators and host.

Figure 1.5 categorizes the elements (present in periodic table) with respect to its application
as host lattice or activator ions. Transition metals like Fe** Mn?*, Sb**, Cu*, and Ag* are
well  known activator ions. Phosphors like Cas(PO4)3(Cl, F): Mn?*/Sb**,
BaMgAl0017:Mn?* have found wide applications in fluorescent lamps (FLs) for emitting
white and green light respectively [49,50]. Similarly LiAiO2: Fe3*, is used in red FLs

whereas ZnS: Cu* and ZnS: Ag* are efficiently used in cathode ray tubes (CRTs) for green
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and blue emission [51, 52]. S? metal ion (activator) based phosphors such as Nal: TI*, CslI:
TI*, BiGe3012:Bi** are well known for their application in X/y detectors [53-56].

Present day scenario have shown much fascination towards rare-earth ion based phosphors.
Tb3+ activator ion is well known for its green luminescence. Tb3+ ion doped in different
host matrices like LaPO4, CeMgAl 1019, (Gd, Ce) MgBs010 are commercially useful for
green emission and used in FLs whereas Pr3+ emission wavelength is dependent of host
matrix [57-60]. The green emitter Gd,O0,S:Pr’* is used in CT scanner whereas red emitter
CaTiOs: Pr*t is used in field emission displays (FEDs) [61-63]. Y203: Eu**, YVO4: Eu*
phosphors are well known red emitting phosphors whereas Eu?* doped systems such as
SrB4O7: Eu?t, Sr4Al140ss: Eu?t, BaMgAl 9017: Eu?* are good blue emitting phosphors with
application in FLs [66-68]. Y3Als012: Sm** has been used in laser application [69]. Ce*

based phosphors such as LaPOs: Ce**, Y3Al5012: Ce**, YPO4: Ce** have found wide

2-
application in FLs [70-73]. Some complex anions such as tungstate (WO4) , vanadate

3- 2- 2-
(VO4) , molybdate (MoO4) and titanate (TiO4) are also known to be the better

luminescent centers [74]. Interestingly, some lattice defects such as F-centre (an electron
trapped in anion vacancy) V-centre (a hole trapped in cation vacancy) also acts as localized
luminescence centers.

Luminescence materials has served in many ways and the applications in lighting, imaging
and detection is more pronounced. In present thesis, we have approached luminescence
studies in solid phosphors from a different perspective.

1.4 Introduction to thesis:

16



Fluorescence is a Photophysical process and most of the time it is an intrinsic property of
a particular atom/molecule and thus fluorescence behavior acts as a finger print for
identification. This particular property has influenced nuclear industry, where identification
and detection of actinide elements is an utmost necessary step [75-77]. In order to meet the
worldwide energy security and present clean energy demand to avoid global warming,
nuclear energy has emerged as an efficient alternative. In this aspect, providing safe,
secured and sustainable nuclear energy is a major challenge. The major issues involved
here is remediation of old mining and milling sites, control of fissile products throughout
the nuclear power production cycle and finally suitable methods for long term disposal of
nuclear wastes [78]. Among all the actinide ions, Uranium is a significant soil and water
contaminant at sites associated with uranium mining, nuclear fuel production and disposal
[79, 80]. Uranium contamination can be found on localities doing carbonate-rich irrigation.
Here uranium compounds may get accumulated through leaching or by certain natural
geologic processes [81, 82]. The fully oxidized form of uranium i.e. the hexavalent uranyl
ion, (UO2%*) has been investigated in the most detail. The uranyl ion with two tightly bound
oxygen atoms are often relatively mobile in the subsurface. Being uranyl, water soluble, it
is readily transported through most soil matrices. In contrast, under anoxic conditions U is
generally present as U (IV), in the form of sparingly soluble mineral phases such as
uraninite (UO7) and it is relatively immobile [83]. Uranium can form complexes with
several ligands such as sulphate, phosphate, carbonate, fluoride and hydroxide depending
on pH conditions [84]. In this regard detection and speciation of Uranium and their

coordination properties to form complexes in the environment is an important subject to
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investigate. Towards this, fluorescence studies involving uranium luminescence is a

challenging technique to probe the issues effectively.

1.5 Luminescence of Uranium:

The photo physical behavior of actinide ions differ from their lanthanide ion counter parts.
Although in both lanthanides and actinides, f-f transition is the virtue of their luminescence
behavior, the actinides photo physical behavior is quite complex compared to that of
lanthanides [85]. The complexity is mainly due to the nature of 5f orbital that undergoes
easy mixing with ligand fields unlike lanthanide 4f orbitals that are centrally buried orbitals.
The f-f transition in 4f orbitals are intra-configurational and it is Laporte forbidden. But in
actinide ions f-d orbital mixing as well as spin orbit coupling plays a major role by
increasing the oscillator strength and thus relaxes the selection rules also [86]. Figure 1.6
shows the comparison of calculated “free-ion” f-state energies of 3+ lanthanide and actinide
ions having the same number of f-electrons [87]. It can be observed that in actinide ions,
the energy gap between the observed emitting free ion state and the next lower lying free
ion state is smaller compared to its corresponding lanthanide ion. This energy difference
are known as energy gaps which are also responsible for non-radiative decay. The strong
dependence of the non-radiative decay rate of aquated 3+ lanthanide ions and actinide ions
on energy gap results in considerably reduced luminescence from an aquated 5f actinide

ion in comparison with some of aquated lanthanide ions. Figure 1.7 shows an energy level
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diagram for trivalent actinides, representing the emissive energy states formulated by

energy gap law [88].
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Figure 1.6: A comparison of f-state energies of 3+ lanthanide and actinide ions having
the same number of f-electrons. The J value of the ground and predominant emitting

f state is shown [Ref 87].

The photo physical properties like emission and absorption spectra of actinide ions are more
prone to crystal field effects i.e. created by the surrounding ligands. Here the local site
symmetry i.e. lower order symmetry or higher order symmetry created by the surrounding
atoms also play a major role. More over coupling with vibrational modes of neighboring

molecules of the surrounding environment facilitates crystal field splitting and thus actinide
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ions have relatively higher transition probabilities. As the electronic transitions in actinides
are sensitive to its local environment, it is an advantage to exploit luminescence of actinides
to probe its surrounding coordination environment. In this regard uranium luminescence is

quite interesting having multiple oxidation states.
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Figure 1.7: Energy level diagrams for the trivalent actinide ions doped in

LaCls, illustrating the ground state and excited state energy levels. [Ref. 88]
Uranium shows +3, +4, +5 and +6 oxidation states. Each of this oxidation state exhibits its
characteristic luminescence known as its optical fingerprint [89-93]. The luminescence
behavior of +6 oxidation state of uranium is slightly different from others as it can be found

in various forms such as UO2**, UO4*, or UO¢%. These three different species show
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individual emission characteristics. Both uranyl ion (UO2%**) and octahedral uranate (UOg®
) shows green luminescence whereas UO42" shows red luminescence [94-96]. Interestingly
stabilization of species like UO4> and UO¢" is reported only in solid matrices whereas
uranyl ion (UO,?*) is stable both in solids as well as in solutions [97-101].

1.5.1 Uranyl luminescence:

In order to understand the Uranyl luminescence, to know its electronic states and energy
levels is very important. In 1961 Mc Glynn and Smith [102] have stated the ground state
of uranyl ion as (1ou*) ? (1o¢") 2 Amy) # (1me) . According to them this configuration is a
totally symmetric singlet ground state represented as 'Y+ as shown in figure 1.8.

The electronic transition in a uranyl ion from ground state 'Z,* to excited 3w, state leads to
splitting of excited state in to 12 sublevels. The—splitting was explained as O-U-O
symmetric stretching with point symmetry Dooh. A typical uranyl absorption spectra
consisted of 12 sub spectrum (revealed by deconvolution) is shown in figure 1.9 [89]. Latter
R.G. denning proposed his seminal work on the electronic structure of the closed shell
uranyl ion (Figure 1.10). His work reveals that molecular orbitals are more significant in
U-O bonding [103]. Uranyl ions possess two primary valence shells, 5f and 6d. Both can

form ¢ and & bonds to oxygen.
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Figure 1.8: One electron MQO’s of a collinear O-U-O entity. The MO’s are shown

separated in to their component AQ’s for reasons of clarity [ref. 102].
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Figure 1.9: Deconvoluted spectra of uranyl absorption, 40.1mmol/L uranyl, 5 mmol/L

nitrate ion [ref. 89]

Figure 1.10. shows that U (5f) and U (6d) overlaps with O (2P). The 6p as well as 6s
electrons are considered owing to their larger axial field splitting and radial extension
respectively. The consideration of O (2s) orbital is due to its degeneracy as well as
interaction with U (6p). In UO,?* the LUMOs are the 5f5 and 5f, components of the 5f shell
(Fig.4.) as they are excluded by their symmetry from participation in the U-O bond. The
four highest filled MOs, 36, 364, 11g and 27, nominally centered on the oxygen atoms, can
be viewed as bonding and thus suggest a notional U-O bond order of three. Denning
explained the first excited states of the uranyl ion as an excitation from oy orbital to 5fs and

5fy orbitals (Figure 1.10). With his experimental and computational work it was understood
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that in uranyl ion, oxygen to uranium charge-transfer i.e. excitation from the bonding
orbitals of UO»%* to the nonbonding uranium 5fs/, redistributes charge in the excited state

in such a way as to lower the energies of all oxygen based MOs and raise those on uranium.

Uranium

Oxygen

bd =—m—m/)===-

5f ==.

—L - T — D
6p S To. [

Bbs — Lo,

Figure 1.10: Schematic energies of Uranyl valence orbitals [ref.103].

In Denning’s model different parameters such as spin-orbit coupling, coulomb interactions
etc. were used to calculate the energy levels. Although the model was efficient to explain
energy levels of the excited states with lower energy quantitatively it could not arrange the
excited states in consistent ordering. Further in 2011, G.K. Liu explained Uranyl electronic

transitions more appropriately by molecular orbital theory [104]. The speciality of his



model was application of crystal-field Hamiltonian. This Hamiltonian was used to study
the effect of axial field of the O=U=0 ion. This model states possible ligand-to-metal
charge transfer (LMCT) transitions in uranyl, which was earlier known as optical
excitation. Here the HOMO is consisted of 36u, 36, 27y and 17, originated from the atomic
orbitals of O (2s2p) combined with atomic orbitals of U (6s6p5f6d7s). The optical
absorption takes place from 3oy the doubly occupied molecular orbital and fluorescence
excitation takes place to the lowest excited states i.e. 5f (6u) and 5f(¢u) which are formed
by hybridization of nonbonding 5f (6u) and 5f(pu) orbitals. Here the 5f(ny) and 5f(ou)
orbitals are also bonded with O 2p (cu, ) orbitals but comparatively at very higher
energies. But when uranyl ion is coupled to ligand clusters then the scenario of energy
levels get affected strongly and there the role of an effective Hamiltonian operator is
inevitable.

As earlier discussed, absorption in uranyl ion is a LMCT phenomenon which is an ligand
to metal charge transfer process. LMCT becomes a forbidden transition in case the ground
state shows centre of symmetry. It is well known from various reports that electronic
transitions of uranyl ion is best possible by non-centrosymmetric type of coordination i.e.
coordination with Dny symmetry, where n=3 or 5 shows greater optical transition intensity
[85, 105]. The local coordination environment offers vibrational modes as well as certain

crystal symmetry defects and these together favors relaxation of the Laporte selection rule.
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The emission spectra of Uranyl is quite interesting with respect to its five finger like
structure [106]. The emission spectra centred at 520 nm falls in green region. In both solids
and solution uranyl shows its typical finger print type emission characteristics [107,101].
Uranyl being a triatomic linear molecule shows intra-molecular vibrations i.e. two
stretching mode (v and v3) and one doubly degenerate bending (v3) mode. Therefore the
emission spectra is treated as vibronic progressions. In the ground state of O=U=0, Raman
active symmetric vibrational modes (vi) are present. When these vibrational modes get
coupled with 3w, electronic triplet excited state, vibrational progressions resulted. Figure
1.11 shows a typical absorption as well as emission spectrum of free uranyl ion in 0.1M
NaClO4 at 25°C [108]. Interestingly absorption and emission spectrum shows common
bands like 488 nm (emission)/ 485 nm (absorption) and 473 nm (emission)/ 467 nm
(absorption). The absorption band at 488 nm corresponds to the low energy transition i.e.
to the lowest lying vibronic state of the first excited electronic state, while the emission

band at 473 nm is a transition from an excited vibronic state to the electronic ground state.
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Figure 1.11: Emission (solid line) and absorption (dashed line) spectrum of Uranyl

ion in 0.1M NaClOs4 at 25 °C. Wavelengths given in nm [ref. 108].

1.5.2 Luminescence of octahedral uranate:

First of all luminescence from octahedral uranate is specific to only solid state
luminescence i.e. uranium doped in solid matrices may get stabilized as uranate (UO¢%")
and acts as an optical centre emitting green luminescence. Being a large molecular moiety,
luminescence as well as stabilization of UOe¢® has been paid much interest. In 1955
Runciman has ascribed for the first time green luminescence to the presence of UOg*
groups [109]. The luminescence of the octahedral uranate group is more influenced by the
chemical constitution of its surroundings [110]. In an UOe® unit the immediate equatorial

coordination number is more likely 4 in addition to two axial O atoms. Although two axial
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O atoms are present but the emission profile differs from that of a uranyl. Here the emission
transition is of electronic origin rather than of vibronic origin as in centrosymmetric uranyl
compounds. According to Tanner and et al. during electronic transition in uranate molecule,
first a weakening of U-O bond takes place i.e. the triple-bonded uranyl moiety and it occurs
as the bonding electrons get delocalized in to neighboring oxygens [111]. When the uranyl
ions does not get fitted in to a regular lattice sites it may get affected by various

coordination enviornments. Figure 1.12 shows a typical emission spectrum of uranate from

a SrB4O7: U system [112].
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Figure 1.12: Emission spectrum of SrB407: U, at A excitation= 246 nm: representing

UOs® emission profile [ref. 112].
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The broad emission spectrum is devoid of prominent vibronic structures. Here the emission
is a parity forbidden charge transfer transition. The excitation transition for uranate is
generally a charge transfer transition that corresponds to the transition from orbitals derived
primarily from oxygen (2p) to uranium (6d) orbitals. The transitions are thus partly allowed
but not necessarily electric dipole allowed. Figure 1.13. shows a typical excitation spectrum

of uranate [113].
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Figure 1.13: Room temperature excitation spectrum of SrZrQO3: U under A

emission Of 537 nm; representing excitation profile of UO¢* [Ref. 113].
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1.5.3 Uranium luminescence in solids:

As discussed earlier study of uranium luminescence in different solid matrices may have
different point of view. In many cases detection of uranium is the prime objective. Uranium
shows a very long half-life in the order of 10°-10° years, so remote detection of uranium in
trace level by use of radioactive counting techniques (alpha detectors) are difficult. Here
detection of uranium by fluorescence technique is very useful. Besides this, luminescence
study of Uranium doped solid matrices are mainly intended to bring out various information
about the matrices as well as uranium itself. This optical information can reveal structural
ambiguity of the matrix, presence of defect centres, inversion centres, form of stabilization
of uranium, solubility of uranium, etc. In earlier times Kroger and Weyl have initiated
studies of fundamental aspects of Uranium fluorescence in solids [114, 115]. Latter Blasse
investigated emission characteristics of many uranium —activated phosphors. He has
studied uranium luminescence in several oxides with perovskite structure like Ba2CaW O,
BaxCdWOg, BazsWOs, SrLaNaTeOs etc. [110]. Pervoskites show high symmetry thus
allowing an extensive cation substitution [116]. Solid matrices like Y3Li3Te2012, LisWOe,
Mg3TeOs poses isolated tungstate / tellurate octahedra and thus stabilization of isolated
UOs® octahedra was reported [117-119]. Here the green emission was attributed to U*® in
octahedral positions i.e. octahedral uranate group, occupying a normal octahedral site.
Interestingly an orange emission was also reported from U%*- activated Ba,TeOs[120]. His
work proposed both green and red luminescence from uranium and it was observed that the
emission spectra is influenced by the chemical constitution of its surroundings as well as

quenching temperature. Another source of green emission was reported to be the uranyl
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group by Dieke and Duncan [121]. Latter Rabinowitch and Belford explored solids such as
nitrates, chlorides, sulphates, phosphates and acetates to study uranyl luminescence [122].
Hoffman reported uranyl luminescence in SrZnP>O7 and it was suggested that due to
stabilization of uranium, the orthorhombic SrZnP.O7 got distorted to a monoclinic structure
[123]. Lattices like BaxZnTeOs with two different crystallographic sites were also studied
and possibility of U to occupy two different sites was proposed [110]. A number of different
luminescent uranate centres was reported by Krol in NaF: U system [124]. Besides +6
oxidation state of U, luminescence studies were also reported for uranium with its lower
oxidation state like +3, +4 and +5. P.A. Tanner have reported stabilization of U in its +3
oxidation state (in the form of UCl¢*) in Cs:NaYCle: U single crystal system [125 ].
Whereas Hessler has reported luminescence behavior of the M-level of U* in LaBr3 [126].
Godbole et al. has investigated luminescence of U+ in LiYFa: U single crystal system [127].
Stabilization of U in its +5 oxidation in CaF2: U crystal and its luminescence behavior was
reported by Lupei [128]. It was also observed that under gamma irradiation LiF- U308
crystal shows stabilization of U*> as well as its characteristic optical behavior [129]. The
important point is that stabilization of Uranium in lower oxidation states is crucial and it
needs anoxic environment, thus systems or solid matrices accompanied with oxygen favors
uranium to be in +6 oxidation state. The prolonged studies and literature reports by various
experts suggest that luminescence of uranium in solid matrices is although an optical
phenomena but it is mainly influenced and guided by chemical as well as physical
environment of host lattice. Solid host matrices like silicates, borates, tungstates,

molybdates, zirconates, phosphates etc. are found to be ideal host matrices for uranium.
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1.6 Motivation for the present study:

Recently the concept of immobilization of radioactive waste in ceramic matrix has emerged
and also gained much attention as certain fission products are more likeley to reside in
crystalline phases instead of conventional alkali borosilicate based glass matrices [113].
Glass as a immobilizing material shows some limitations for volatile radionuclides.
Volatile radio nuclides like Tc, I, Cs etc. shows difficulties at glass melting temperature.
Some of the actinides, with long half-life also face solubility problem in glass matrix.
Another limitation is the phase separation at microscopic level i.e. formation of alkaline
borate, a second phase that tends to leach out thus affecting the chemical durability of the
system. Vitrification process allows substantial reduction of waste volume, it works
successfully towards waste safety but at the same time it is also a complex process [130].
In this context geochemically stable materials are explored with an approach to investigate
its efficiency towards safe and durable nuclear waste management. Thermodynamically
stable minerals poses high isomorphic capacity and thus may retain radionuclides in their
structures. Crystalline ceramic materials show higher waste loading capacity and also their
analogous to mineral form offer long-term disposal for nuclear wastes as a geological
constraint [131]. Ceramic structures are of complex composition and thus able to
accommodate radionuclide with different coordination types and can do charge balance. It
has been observed that zirconite, monazite, apatite are suitable single-phase ceramics. They
can accommodate nearly all of the radionuclides and can form a single structure. Several
researchers have investigated the use of Ceramic materials have been in research from a

long time especially for waste immobilization studies [132-134]. The best examples are
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titanate-based hollandite, perovskite or zirconolite ceramics [135-136]. Synthetic rock
materials i.e. synrocks concept has been emerged with very good dissolution rate. These
materials like (Ce, Y, La, Th) PO4, apatite (CasPO4)3(F, Cl, OH) etc. were designed for
disposal of high level nuclear waste [137]. Recently the focus is towards phosphate
ceramics which are i) chemically stable, ii) can incorporate substantial quantities of
actinides in their structure, and iii) are resistant to radiation damage. Although phosphates
are not currently part of the high-level waste storage strategy, significant efforts have been
made by the scientific community to determine if phosphate based matrices could provide
an alternative to the currently planned methods for radioactive waste disposal [138]. In this
regard incorporation of actinides in to phosphate matrix is a challenging subject to study
but owing to its high radioactivity the scope is very limited, whereas uranium with long
half-lives (10°-10° years) and mostly being an alpha emitter is vastly investigated. Towards
this investigation luminescence studies contribute in an effective way to elucidate various
information. Information regarding oxidation state of uranium in a particular matrix is very
much useful and similarly the form of stabilization of uranium is also very important.
During incorporation of uranium the behavior of surrounding host, the neighboring crystal
field as well as co-ordination environment of uranium plays a crucial role in order to find
out the suitability of the host material. Being a heavy element stabilization of uranium may
invite perturbation to the host environment is also a matter of concern. Thus it is interesting

as well as challenging to carry out luminescence studies on uranium doped solid matrices.
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1.7 Scope of the thesis:

In present study we have mainly focussed on uranium luminescence in phosphate and
borate matrices, as it shows very long half-lives (10°-10° years), phosphate/borate based
ceramic matrices can be better candidates for long term storage purpose. The prime
objective here is to investigate photo luminescence behaviour of uranium in solid matrices
like phosphates and borates. In particular we have investigated uranium doped boro-
phosphate solid matrices such as CaBPOs, StBPOs, and BaBPOs and also uranium doped
borate matrices such as BaB>Os and BaAl;B2O7. Here the synthesis route as well as
standardization of synthesis parameters for all above uranium doped and un-doped samples
are one of the important part to investigate. The detailed investigation involves
characterization of the synthesized samples in order to observe the phase purity as well as
morphology studies. Solubility of uranium in a solid host matrix and its concentration
limitation is a determining step to avoid formation of any second phase. Optimization of
annealing temperature were done with lot of care as it contributes to formation of exact
phase, controls the defect concentration and migration and finally it also affects the photo
luminescence properties.

The photo luminescence studies were carried out with an aim to observe the photo
luminescence (PL) characteristics of dopant ion (uranium) such as excitation, emission and
decay time values that indirectly informs about the feasibility of photo luminescence
process in that particular matrix as PL process is associated with both radiative as well as
non-radiative decay processes, here the host matrix as well as positioning of dopant ion in

that particular matrix are responsible for a good PL characteristics. The life time decay
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values of uranium ion were studied carefully in order to probe the effect of surrounding
lattice as well as defects. All these PL properties were found to be an important clue to
optimize the synthesis process which is a crucial step needed to prepare ideal phosphors.
Besides this, the uranium PL emission spectra have gained much importance throughout
our work, as the emission profile represents the form of stabilization of uranium in the host
matrix. The form of stabilization can be octahedral/tetrahedral uranates or uranyl ion. Thus
we have tried to probe the presence of dopant ion and its effect on surrounding environment.
As it is always being a curious topic to discuss the stabilization of uranyl ion in any solid
matrix, considering its size and 180° geometry, we have attempted to address this issue by
correlating both luminescence studies along with EXAFS studies. Our work has revealed
the importance of host matrix in determining the form of stabilization of uranium. We have
reported the uranyl form of stabilization of uranium in CaBPOs and SrBPOs whereas in

BaBPOs the form of stabilization is preferred to be uranate. This study have shown the
potential of EXAFS in order to probe the crystal lattice surrounding the dopant uranium
ion. We have also addressed the stabilization of uranium in BaAloB2O7 with EXAFS
studies, where two competitive Ba and Al sites are present for uranium stabilization.

In our study the interaction of uranium with other co-dopants (Eu, Sm) were also studied.
In quality control process, detection as well as estimation of impurity elements is the major
work. In nuclear industry depending on the requirement like fuel fabrication, fuel
reprocessing, waste management, academic research interest etc. detection of lanthanides
like Eu, Sm, Gd, Dy, Tb etc. as an impurity present in uranium 1is a crucial step owing to

its very low concentration . At this point fluorescence spectroscopy has been proven its
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potential and towards this end ligand sensitized fluorescence (LSF) has gained much
appreciation [99-101]. Here in our study although we have not discussed LSF, which is a
solution state bound process but we have focused on energy transfer process occurring from
uranium to lanthanides in a solid boro phosphate matrix. As dopant uranium extends its
energy towards a co-dopant ion (Eu, Sm), the co-dopant ions PL gets enhanced and it gets
detected easily by PL techniques. Our work has studied energy transfer process, mechanism

as well as the extent of energy transfer process in details.
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2.1 Introduction:

This chapter describes the experimental procedures of synthesis of phosphors through
different routes and the analytical techniques used to characterize and study the
luminescence properties of the phosphors. The conventional solid-state reaction was
adopted in the present work for synthesis of phosphate based solid samples whereas co-
precipitation as well as combustion synthesis route were followed for barium borate and
barium aluminum borate samples. The synthesized phosphor samples were analyzed by
XRD diffraction technique for their phase identification. SEM studies were also carried out
for morphology study. Photoluminescence studies were conducted using a
spectrofluorimeter. EXAFS (Extended X-ray Absorption Fine Structure) studies were
performed at BL-9, RRCAT, Indore.

2.2 Phosphor synthesis by solid-state reaction:

CaBPOs, StBPOs and BaBPOs samples were synthesized by conventional solid state
reaction. Here carbonate form of divalent alkaline earth metals (Ca*, Sr**, Ba**), Boric
acid (H3BOs3) and Di-Ammonium hydrogen Phosphate ((NH4).HPO4) were used as starting
material. In uranium doped samples Uranyl nitrate hexa hydrate was used (UO:

(NO3)2.6H20). Europium nitrate [Eu (N03)3.5H20] and Samarium nitrate [Sm
(N O3)3.5H20] were used to dope europium or dysprosium in the host. All the reagents were

of analytical grade (99.9%) reagent. During synthesis the stoichiometric ratio of the
reactants were maintained carefully. In the synthesis process the 1% step followed was
grinding of all the reactants in an agate mortar for 20 minutes to ensure homogenous mixing

of the reactants. The mixture of reactants were pelletized and placed in an array in the
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alumina boats and kept inside the tubular furnace. All the samples were given two-stage
firing. Prefiring was done at 600°C for 3 hours because at this temperature the precursors

completely decompose to yield the reactive starting materials (e.g. MCO3 (s) ™ MO(S) +
CO2 ( g))' Later, pellets were cooled, ground and re-pelletized before the next firing. At the

second stage, the reaction was carried out at 900°C for 3 h. During annealing, in order to
monitor the accurate temperature profile in the tubular furnace thermocouple was used.
Different annealing temperature as well as different annealing time were also applied to get
study the effect of annealing temperature and time on the structure as well as luminescence
property of the samples.

2.3 Phosphor synthesis by co-precipitation:

Doped and undoped BaB>0O4 samples were prepared via co-precipitation route. The starting
reactants were barium nitrate (Ba (NOs)2) and boric acid (H3BO3). The required dopants
such as uranium and europium were taken in their nitrate form. Initially required amount
of Ba (NOs)2 and H3BO3 were dissolved in de-ionized water separately. Than required
amount of dopant ion (U/Eu) solution (nitrate form) was added into the Ba (NO3), solution
and mixed thoroughly with continuous stirring. Then, the mixture was dropped in to the
H3BOs solution at 50°C under magnetic stirring. At each step the stoichiometry of all the
reactants were maintained accurately. After certain period of stirring, precipitate was
formed and it was collected by careful filtration. The collected precipitate was washed
thoroughly with de-ionized water and dried in an oven at 100°C for 24 h. After this the
samples were annealed at 800°C for 2 hrs. The annealed samples were taken for pl as well

as physical characterization measurements.
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2.4 Phosphor synthesis by combustion synthesis:

The powder samples of uranium doped BaAl,B,O7 were prepared by a solution combustion
technique. The high purity starting materials, Ba(NO3)2, AI(NO3)3.9H20, Uranyl nitrate,
H3BO3, CO(NH2)2 have been used for phosphor preparation. All the reagents are of A.R.
grade. The stoichiometric amounts of the ingredients were thoroughly mixed in an Agate
Mortar, adding little amount of double distilled water to obtain an aqueous homogeneous
solution. The aqueous solution was then transferred into a china basin and slowly heated at
lower temperature of 70°C in order to remove the excess water. The solution was then
introduced into a preheated muffle furnace maintained at 500 °C. The solution boils. Than
foams came out and immediately it ignites to burn with flame; thus a voluminous, foamy
powder was obtained (Figure 2.1). The entire combustion process was over in about 5 min.
Following the combustion, the resulting fine powders were annealed at a temperature of

800 °C for about 3 hrs. and subsequently quenched to room temperature.
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Figure 2.1: Combustion flame generated during combustion synthesis
2.5 Pelletizer:
Powder samples after homogenous mixing in mortar and pestle were converted into pellets
before loading into furnace. A hydraulic press was used for making pellets from the powder
samples. Required amount of powder was initially added into the die and plugged with
plunger. About 2- 4 tonnes of pressure (depending on the phosphor powder) was applied to
obtain stable pellets of 10 mm size weighing around 150-200 mg. The purpose of
pelletization was to achieve better diffusion and to anneal more samples in a single batch.
For weighing the reactants a high precision electronic balance (make:Adair Dutt) with an
accuracy of + 0.01mg was used.

2.6 Tubular furnace:
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A horizontal tubular furnace (50 mm dia X 1500 mm length) as shown in figure 2.2, was
used for the synthesis of phosphors. The tube was made of refractory alumina (m.p
1950°C). The heating elements consist of silicon carbide (SiC) rods that generate heat by
resistive heating method. The furnace was having a heating rate of 4.5 kw/m and powered
by 230 V AC. The length of the hot zone is 150 mm within which the alumina boats
containing samples are normally placed. By design, this furnace did not have the provision
for heating the samples at desired gas atmosphere. Hence, we modified the furnace by
providing two end plugs which contain inlet and outlet provisions. Using these end plugs,
the required atmosphere can be easily maintained. The outlet was safely vented out to
environment. This furnace is designed for attaining maximum temperature of 1400°C+5°C.
A microprocessor based programmable controller was connected to the furnace to vary the
synthesis parameters. With the help of this, the ramping temperature and soaking
temperature were fixed. The heating rate was set at 4 °C/min and the samples were natural

cooled.
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Figure 2.2: Schematic sketch of modified tubular furnace

2.7 Characterization of phosphors by XRD and SEM:

Powder X-ray diffraction measurements were recorded in reflection mode at room

temperature using a Phillips PW 1800 diffractrometer. The copper KOL radiation (A =
1.5046A) was used with nickel as KB filter. A silicon wafer with (911) crystallographic

plane was used as a sample holder as this has a low X-ray background and no diffraction
peaks. A continuous scanning was used to obtain the diffraction spectra from 10° to 80°
with a minimum scanning step of 0.05°. The intensity of the diffracted beam was measured
using Nal (T1) scintillation detector. The X-ray diffraction spectra show the intensities of
the diffraction peaks as a function of the detecting angle 20.

The morphology of the samples was recorded by scanning electron microscopy (SEM)

model-AIS-2100, Merero Inc, South Korea. This was carried out on an instrument having
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both secondary electron detector and solid-state back-scattered electron detector. The
micrographs were taken at 20 KeV acceleration voltages.

2.8 Spectrofluorimeter and life time decay studies:

RF-5301rc

Figure 2.3: Shimadzu RF 5301pc spectrofluorimeter

The instrumental requirements for measuring fluorescence are: a light source, a light-
dispersing element, and a light detector i.e. 1) xenon lamp, 2) excitation monochromator,
3) emission monochromator and 4) photomultiplier tube respectively. We have used Japan
make Shimadzu RF 5301pc spectrofluorimeter (Figure 2.3) for photoluminescence (PL)
measurements (both excitation and emission). The excitation source was a 150W CW
(continuous wave) xenon lamp. Since the intensity of the lamp is high, a tremendous
amount of heat is generated during operation and therefore a fan is provided to cool the
lamp housing. In this system the bandwidths for the excitation and emission
monochromator can be set at 1.5, 3 or 5 nm. A long-wavelength-pass filter (UV-35,
Shimadzu), with a maximum and uniform transmittance (more than 85%) above 350 nm,
was placed in front of the emission monochromator in order to reduce the scatter of the

incident beam into the emission monochromator. In the RF 5301pc spectrofluorimeter, the
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gain of the photometric photomultiplier tube is dynamically adjusted to correct for the
changes in the Xe lamp output intensity using a monitoring photomultiplier. The high-
throughput optical system in the RF-5301PC employs a blazed holographic grating,
photomultiplier and digital circuit to provide best level of S/N ratio. Here a spectrum can
be measured in seconds due to high-speed scanning up to 5,500nm/min. The
monochromator slewing is adjust to about 20,000nm/min, thus setting of two or more
wavelengths can be performed quickly and easily. The sample compartment provided here

is of 140mm wide, 170mm deep and 140mm high.

Figure 2.4: Image of solid sample holder

Figure 2.4 shows the sample holder used for fluorescence measurement of solid samples.
The angle of the holder is designed to limit the reflected excitation beam from the emission
monochromator. Standard accessories include a sample holder, quartz plate, powder sample
plate, spacers and a sample fixing bar. Cutoff filters are included to reduce further scattering

(UV-31, UV-35, UV-39, UV-Y43, UV-Y45, UV-Y47). The PL decay time measurements
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were carried out using an Edinburgh FLS-900 time resolved fluorescence spectrometer at

room temperature.

2.9 EXAFS Analysis:

The Extended X-ray Absorption fine structure (EXAFS) technique, with synchrotron
radiation as the X-ray source, is a powerful tool to study short range order and local
structures around any particular element in a material. The basic principle deals with the
modulation of an atoms X-ray absorption probability which is a reflection of its chemical
and physical state in a particular environment. EXAFS deals with the fine structure
oscillations observed in the X-ray absorption spectra of an element from 50 eV to ~700 eV
above its absorption edge, gives precise information regarding the short range order and
local structure around the particular atomic species in the material [1]. The use of modern
bright Synchrotron radiation sources, has made EXAFS a powerful local structure
determination technique, which can be applied to a large group of material viz. amorphous,
polycrystalline, polymers, surfaces and solutions.

RRCAT, Indore, India has developed a comprehensive facility for carrying out EXAFS
measurements with 2.5 GeV, Synchrotron Radiation Source (INDUS-2) [1]. The facility
consists of two operational beam lines viz., the Energy Dispersive EXAFS beam line (BL-
8) and the Energy Scanning EXAFS beam line (BL-9) [2]. In our experiment, we have used
Scanning EXAFS Beam line (BL-9). The Energy Scanning EXAFS beam line (BL-9), can
be operated both in transmission as well as fluorescence modes within the energy range of
4-25 keV. The beam line optics consists of an Rh-Pt coated cylindrical collimating mirror,

a Double Crystal Monochromator (DCM) with sagitally bent 2nd crystal for horizontal
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focusing and a cylindrical post mirror for vertical focusing of the beam [3]. Figure 2.5.

shows the optical lay out of BL-9.

Double Crystal

Focusing Mirror
Monochromator g

(Meridonial Cylinder) BV3

BvV2

Sample

Collimating Mirror ] <
(Meridonial Cylinder) Sagittal Cylinder
Source

Shit
Beam Viewer
BV1

19000 mm 6000 mm 2 4000 mm © 8000 mm

Figure 2.5: Optical layout of BL-9

The double crystal monochromator (DCM) works in the photon energy range of 4-25 KeV
with a resolution of 10* at 10 KeV. A 1.5 m horizontal pre-mirror with meridonial
cylindrical curvature is used prior to the DCM for collimation of the beam and higher
harmonic rejection. The second crystal of the DCM is a sagittal cylinder with radius of
curvature in the range 1.28-12.91 meters which provides horizontal focusing to the beam.

For measurements in the fluorescence mode, the sample is placed at 45° to the incident X-
ray beam and the fluorescence signal ([ ) 1s detected using a Si drift detector placed at 90°

to the incident X-ray beam. An ionization chamber detector is used prior to the sample to

1
measure the incident X ray flux ( I o ) and the absorbance of the sample (u = I—f ) is obtained
0

as a function of energy by scanning the monochromator over the specified energy range.
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The experimental EXAFS data is analysed using EXAFS data analysis program offered by

IFEFFIT software package [4].
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Photoluminescence properties of U in SrBPOs
host: Effect of concentration and annealing
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3.1 Introduction:

Actinide ions with their partly filled 5f orbitals exhibit interesting photo luminescence
properties which can throw light on the electronic structure and nature of metal-ligand
bonding for the ions [1]. The later actinides with their closely spaced energy levels do not
show efficient PL and decay via non-radiative mode. However, amongst the first half of
the actinide series, U, Am and Cm are known to have good PL yield, when excited by a
suitable wavelength [2]. Unlike their 4f series counter parts, the early actinide series
members show variable valence states which make them as an interesting class of
compounds. In case of most of the actinide ions, electronic transitions within the 5f" levels
occur in visible and near UV region that are Laporte forbidden thereby making them very
less intense. The forbiddenness of the Laporte selection rule can be made less rigorous by
stabilising the actinide ions in different crystalline matrices [3-4]. Many efforts have been
made to explore suitable matrices, in order to achieve better luminescence from actinide
elements. Among the actinide elements photo luminescence studies of uranium activated
solid matrices have gained much attention owing to its application in the nuclear industries,
as the requirement of inert solid matrix for incorporation of nuclear waste is a challenging
area of investigation [5]. Uranium activated matrices are well known and promising catalyst
for thermal degradation of pollutant molecules [6]. Moreover many uranium doped solid
matrices are known to be efficient green light emitting phosphor [7]. Uranium being a
strategic element for nuclear industry (fissile element) has got limited scope of

investigation, as it is associated with safety and security concerns. At the same time the
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unique photo physical and photo electronic properties of uranium has fascinated and
restored the research interest [8].

Plenty of literature reports are available dealing with the PL properties of various oxidation
states of U such as U(VI), U(V), UIV) and U(III) in different matrices [9-12]. Out of these,
the most investigated and the most commonly encountered species is the hexavalent
uranium ion in uranyl form (UO,?*). The PL emission spectra of these species gives unique
vibrationally resolved ligand to-metal charge transfer (LMCT) emission in green region
[13]. Unlike lanthanides, the 5f electrons (in 5f"! 6d configuration) of uranium show high
oscillator strength and more sensitivity towards ligand and crystal field effects.
Consequently, the PL properties like excitation, emission and life time data are greatly
influenced by the symmetry and coupling to external vibrational modes of closely lying
ligands and crystal fields that in turn makes it an useful probe for investigating the co-
ordination environment [14]. In solids the crystal structure of host matrix and synthesis
conditions are responsible factors for stabilization of Uranium in different forms such as
octahedral/tetrahedral uranium groups (UO¢%, UO4* and U®*) other than the usual uranyl
species [15]. Thus stabilization of uranium indirectly gives information about the lattice
chemistry as well as the crystal field experienced in that particular matrix. The UO»2*, UOg®
, and Ub*centres are well documented for green emission where as UO4?* centre is known
for red emission [16]. Among the above forms of uranium, only uranyl (UO»?*)is stable
both in aqueous solution and in solid state and also different from other species with respect
to its characteristic emission consisting of equidistant vibronic progressions. The near

linear O-U-O structural geometry with individual U-O bond length of ~1 .8A is a constraint
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on stabilizing the whole moiety in a crystal lattice. The stabilization of uranyl varies with
respect to host crystal lattice. It has been reported that uranium can either form a second
phase with the host matrix to stabilize its uranyl form, or in some cases the inversion centre
present in the crystal lattice appears to be the stabilization centre [17]. Suitable lattice sites
for stabilizing Uranyl ion is a continuing matter of investigation.

The nature of uranium PL can also be influenced by concentration of the dopant ion and
synthesis conditions. In this regard, the nature of uranium emission spectra has been studied
in many matrices. In the series of matrices, phosphate based host lattices are well
investigated and it has been observed that matrices like Sr3(PO4)2, StP207 offer the regular
Sr?* lattice sites to stabilize uranium as U(VI) without affecting the crystal structure [18-
19]. Recently Kumar et al have reported the stabilisation of uranium as uranyl in one of the
borophosphate based host 1.e. STBPOs (SBP) prepared through solid state reaction route
[20]. However, the dopant ion concentration in the work was arbitrarily fixed at 1 mol%.
There has not been any effort to explore the luminescence properties of this actinide ion as
a function of concentration or annealing temperature. In the present investigation we report
an extensive PL study of uranium ion in the borophosphate host and its effect on the dopant
ion concentration and annealing temperature. In addition, CIE color coordinates of the
system was also evaluated.

3.2 Experimental:

The undoped and uranium doped samples were prepared via solid state reaction route. All
the chemicals used here were of Analytical Reagent (AR) grade. Stoichiometric proportions

of SrCO3, (NH4)2HPO4, H3BO3 (5 mol% excess), and UO2 (NO3)2.6H,O were ground
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together thoroughly to prepare a homogenised mixture followed by pelletization. In the first
phase, all the samples were fired at 600°C in air atmosphere for three hours in a muffle
furnace. The samples were cooled to room temperature and thoroughly ground again before
pelletization. In the second phase, pre fired samples were annealed at 900°C for 3 hours in
air atmosphere and cooled to room temperature. The reactants react with each other by the

following equation to form the final product.

SrCOs + H3BOs + NHsH2POs — SrBPOs+ CO21+ NH31 + 3H207 (1)

To investigate the effect of annealing temperature on the system, the samples were further
heated at 1000 and 1100°C. The dopant ion concentration was varied between 1 to 8 mol
%. The crystal Structure and phase purity of the prepared powders were examined through
powder X-ray diffraction using a Philips diffractometer (model PW 1071) operating with
monochromatic CuK, (A = 1.5418A) radiation. The diffraction pattern was recorded at a
scan rate of 0.057/s in the scattering angle range (20) of 10°-80°. The morphology of the
samples was recorded by scanning electron microscopy (SEM) model-AIS-2100, Merero
Inc. PL excitation and emission measurements were made using a Shimadzu RF 5301pc
spectrofluorimeter. The excitation source was a 150W CW (continuous wave) xenon lamp.
The bandwidths for the excitation and emission monochromator were set at 3 nm. A long-
wavelength-pass filter (UV-35, Shimadzu), with a maximum and uniform transmittance
(more than 85%) above 350 nm, was placed in front of the emission monochromator in

order to reduce the scatter of the incident beam into the emission monochromator. In the
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RF 5301pc spectrofluorimeter, the gain of the photometric photomultiplier tube is
dynamically adjusted to correct for the changes in the Xe lamp output intensity using a
monitoring photomultiplier. The PL decay time measurements were carried out using an
Edinburgh FLS-900 time resolved fluorescence spectrometer at room temperature.

3.3 Results and Discussion:

3.3.1 Crystal structure and Morphology:

SrBPOs belongs to the stillwellite (LnBSi10s) type compound with trigonal system with
hexagonal setting [21]. (BO4)* and (SiO4)*tetrahedra anions are two primary constituents
of the borophosphate host. The (SiO4)* tetrahedral form edge sharing vertical columns
parallel to the c-axis. Each (BO4)* tetrahedron is linked to two (SiOs)*tetrahedra and has
two common edges with the lanthanide polyhedral of adjacent columns resulting in a helical
chain like structure [22]. The anionic network forms tortuous vertical channels that
surround the lanthanide polyhedral, the lanthanide ion being in a 9-coordinated site with
oxygens. However in case of SrBPOs crystal structure (that mimics stillwellite (LnBSiOs)),
the incorporation of Sr?* in to a nine-coordinated polyhedron found to be difficult because
of its smaller charge to size ratio compared to Ln**. In order to stabilize the system the bond
length of the anion network gets in to readjustment with formation of some kind of oxygen
defects and finally an eight coordinated Sr?* site is formed. It is the internal crystal lattice
arrangement of SrBPOs that stabilizes different types of dopants (rare earths, transition
metals and actinides) in it. A schematic of the crystal structure is shown in figures- 3.1 A
and B. Figure-3.2 and 3.3 show the XRD patterns of the SBP: U system as a function of

dopant ion concentration and annealing temperature respectively. The observed patterns
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indicated that the synthesized samples are single hexagonal phase with a space group of
P3;21 matching with ICDD file no 18-1270. There was no detectable impurity peak
observed indicating successful synthesis of material in pure and single phase. The Uranyl
being a heavy molecule and having higher charge to size ratio, solubility in STBPOs matrix
was studied with different Uranium concentration (1 mol%, 4 mol% and 8 mol %) by
recording XRD. It can be seen from the figure 3.2 that with dopant ion concentration up to
8 mol%, there was no change in the patterns suggesting no impurity phase formation in the

system.

Figure 3.1: (A) Shows the crystal structure of SrBPOS showing the 8 coordinated
‘Sr’ site; The figure 1 (B) shows the crystal structure with the two planes (2 0 0) and
(1 0 4) (the shaded region) that show the highest intensity in XRD data.
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Figure 3.2: XRD patterns for SrBPOs doped with uranium as a function of dopant
ion concentration (in mole %) A- 1 mol%, B- 4mol% C- 8 mol % ; all samples are
synthesized at 900°C annealing temp. The figure D indicates the standard pattern of
the ICDD file no- 18-1270.
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Figure 3.3: XRD patterns for SrBPOs doped with uranium as a function of

annealing temperature.

The detailed XRD data for some of the major peaks of the SBP system are given in table-
1. The average cell parameters calculated from the observed ‘d’ values for these samples
were a = 6.869(2) A, ¢ = 6.7969(7) A which are in close agreement with the reported values.
This observation could be due to the fact that the lattice parameters with higher Uranium
concentration may be below the detection limit of the XRD technique. Another possibility
is that the Uranium ion before reaching the lattice sites got stabilized in the interstitial sites
without affecting the cell parameters. Recently it has been strongly emphasized that in
strontium pyrophosphate (Sr2P207) matrix uranium got stabilized at regular Sr?* site [19].
In present case uranium may stabilized in the same manner. As discussed earlier, the present
host lattice is a stillwellite type of compound: a trigonal system with hexagonal settings as

observed in rare earth borosilicate, LnBO (Si04) with three formula units per cell. The
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charge to size ratio of Uranium (U®) is greater than the charge to size ratio of Sr2*and
Ln**, so unlike Sr?* it can suitably rest at nine oxygen co-ordinated sites.

From the XRD data of the samples with varying annealing temperature (figure 3.3), it can
be noticed that between 900°C to 1100°C there was no change in the XRD pattern. However,
the intensity of the diffraction peaks got enhanced at higher temperatures which are
probably due to better crystalinity at higher annealing temperatures indicating a better
thermal stability of the material.

Figure 3.4 shows the SEM data for the SBP system as a function of annealing temperature.
The figure shows an inhomogeneous size distribution and agglomeration of the particles in
the SBP system. From the figure it is clear that, on annealing beyond 900°C, the overall
roughness of the edges of the samples gets improved owing to the improved crystallinity.
The overall particle size for the system was found to be less than 1um based on the
statistical analysis from several micrographs. The uneven shape of the particles observed

in this case was due to the synthesis procedure.
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Figure 3.4: SEM micrographs of the SBP samples as a function of annelaing

temperature; A-900, B-1000 and C-1100°C.

3.3.2 PL investigations:
Figure 3.5 shows the emission spectra of SBP: U system as a function of the dopant ion

concentration with 434 nm excitation. The spectra is similar to the data reported by Kumar
et al [20] that showed a five band structure for the samples with peaks at 481 nm (20790
cm™), 498 nm (20080 cm™), 519 nm (19268 cm!), 539 nm (18518 cm™") and 560 nm (17875
cm™!). Another weak but prominent hump in the spectra was observable at 595 nm (16,806

cm!). These bands are known to be associated with Uranyl emissions [23].
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Table 3.1: X-ray diffraction data of SBP: U system

Sr.No d observed (A?) d calculated (A°) hkl I
1. 4.480 4.476 102 20
2. 3.439 3.426 110 80
3. 2.966 2.967 200 100
4. 2.957 2.956 104 100
5. 2.416 2.416 114 10
6. 2.272 2.273 006 10
7. 2.242 2.243 210 40
8. 2.239 2.238 204 40
9. 2.129 2.129 106 50
10. 1.894 1.894 116 10
11. 1.873 1.874 214 60
12. 1.713 1.713 220 10
13. 1.711 1.711 304 10
14. 1.531 1.531 224 10
15. 1.526 1.526 118 10

6x10°
—— 1 mol% 10
cie- 8 i’ .
—_—
-

Intensity ( in arb.unit)

T T T T T T T T
1 2 3 4 5 6 7 8
Uranium concentration ( in mol %)
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| I I
450 500 550 600
Wavelength (nm)

Figure 3.5: PL emission spectra of the SBP:U system as a function of dopant ion
concentration; the inset figure shows the emission intensity values for the 520 nm
peak as a function of Uranium concentration.
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Uranyl with Den symmetry makes the ligand to metal charge transfer (LMCT) process
parity forbidden. It is the local co-ordination environment that lowers the symmetry and
results in relaxation of parity allowing the transition [24]. One of the significant electronic
transitions, the zero phonon (zp) transition is a result of electronic excitation from the 3oy
ground state, a highly hybridized configuration of the O (2s, 2p) and U (5p, 5f, 6d, 7s)
atomic orbitals to the fs e orbitals of uranyl. In the present case, the emission band centred
at 481 nm 1is ascribed as the zp line while other bands are assigned as radiative transition
from electronic excited state to various higher vibronic levels in ground state [25]. The
position of the zp line can vary from 470 to 520 nm depending on the equatorial
coordination environment of Uranium in the system. The five emission bands at higher
wavelengths are known to be vibration progressions resulting from strong coupling of the
ground state Raman active symmetric vibrational (vi) mode with the I, electronic excited
state [26]. The average spacing between the five lowest energy bands is 798 cm! that
corresponds to the vibrational spacing in the ground state indicating a high force constant
of the electronic state [27].

From the figure 3.5, it is clear that, with increase in the dopant ion concentration, the PL
emission intensity increases up to 7 mol% of the uranium ion. The decrease in PL intensity
beyond 7 mol % could be ascribed to concentration quenching, a cross relaxation between
Uranyl ions with loss of excited state energy through a non-radiative path. There are two
types of mechanism to investigate the non-radiative transfer of energy. One is Dexter type,
a collisional energy transfer and other one is Forster resonance energy transfer (FRET), a

multipole — multipole interaction mechanism [28]. Generally the energy transfer depends

74



on the donor-acceptor spectral overlap (the emission of donor and excitation of the acceptor
should have an overlap) and the relative orientation of the dipole moments. In addition to
these in case of FRET, the distance (L) between the donor and acceptor ion is important as
the probability of the energy transfer decreases at a rate of 1/L°. The typical distance
(critical distance, L.) for FRET is maximum 100A. In case of Dexter mechanism the
probability of energy transfer decreases as (exp)™ and here maximum typical distance is <
10A. In present case an approximate L. value was calculated using the following relation
[24].
Lc=2(3V/ 4nNXec) 13 2)

Where V is the unit cell volume, N the number of sites and X. is the critical concentration.
The value of N and V are obtained from XRD data. Considering 7 mol% as the critical
concentration value, L. was calculated to be 3A. This shows that the Dexter type energy
transfer process is the reason leading to Uranyl luminescence quenching in the present
matrix for UO»?* concentration > 7mol%.

Figure 3.6 shows the corresponding excitation spectra for the 7 mol% uranium doped
sample at 520 nm emission wavelength. The sample was annealed at 900°C. It can be seen
from the figure that the broad excitation spectra has peak maxima at 335, 343, 352, 407,
417, 434, and 440nm. For Uranyl, the optical excitation is purely a ligand-to-metal charge
transfer (LMCT) process, where an electron transition occurs from a bonding oxygen

orbital (G, Oy, Ty, Tg) to a non-bonding Uranium 5f orbital.
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Figure 3.6: Excitation spectrum for the 7 mol % uranium doped SBP system
annealed at 900°C

Earlier the XRD studies had indicated a higher thermal structural stability of the annealed
samples. Figure 3.7 shows the PL emission data of the 7 mol% U doped SBP samples as a
function of annealing temperature. From the figure it can be observed that, with increase in
the annealing temperature, the PL yield decreased so much so that at 1100°C, the spectrum
is barely visible. As discussed earlier, in this matrix oxygen vacancies can act as defect
centres for the charge neutrality purpose. At higher annealed temperatures, defects can arise
which can migrate or diffuse and combined to form defects of larger size. These defect
centres can enhance the non-radiative energy loss of Uranyl ion and thereby decreasing the

PL yield [29].
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Figure 3.7: PL emission spectra for the U: SBP system as a function of
annealing temperature
To further confirm this fact, PL decay time investigations were carried out on the U: SBP
samples heated at different temperatures as shown in figure 3.8. The decay time curves
were recorded with Aex = 434 nm and  Aem = 520 nm. The decay curves could be fitted in
to bi-exponential decay using the following iterative formula. Here, A; and A; are pre-
exponential factors that are scalar quantities, ‘t’ is the time of measurement and 11 and 12
are the decay time values.
I(t)=Arexp (-t/™1) + Azexp (-t /™2) + yo 3

The PL decay time values for the 900 °C annealed sample were observed to be 11 = 165 us
(65%) and 12= 54 us (35 %) with %> = 1.489. The data suggests the presence of Uranyl ions

at sites with two different types of surrounding environment. The crystal structure of
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SrBPOs informs the presence of single type of Sr?* site and the system is accompanied with
oxygen defects. The defect centres are responsible for energy loss through non-radiative
decay, thus a luminescent species surrounded by defect centres may lose its energy non-
radiatively resulting in a reduced lifetime with respect to the same type of species present
at a site where the concentration of defect centres is less. As observed in case of the PL
emission data, the decay time values were also decreasing with increasing temperature.
Thus corroborating the fact that, on annealing, more and more number of defect centres are
agglomerating in the system to form large defect centre volumes which provides a non

radiative path there by reducing the PL emission intensity and PL decay time.
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Figure 3.8: PL decay time data for the U: SBP system as a function of annealing
temperature
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3.3.3 Evaluation of color coordinates:

Color coordinates for the 900°C annealed and 7 mol% uranium doped sample were
evaluated adopting standard procedure [30]. Recently Taikar et al. have reported Uranium
doped SrO as a green light emitting phosphor and compared it with another green phosphor
namely ZnS: Cu, Al [7]. The CIE (Commission Internationale de I’éclairage) chromaticity
coordinates are useful to determine a light emitting materials performance on color
luminescent emission. A (X, y) co-ordinate in the color space determines the color of any
light source. The spectral power distribution (SPD) of the light source and the CIE color
matching functions are the required parameters to determine the (x, y) coordinate. The
chromaticity coordinates X, y, z can be obtained from tristimulus value X, Y and Z as
follows:
X =X/X+Y+Z,y = Y/X+Y+Z and z = Z/X+Y+Z @)]

CIEy _

] T
SrBPO;:U (7 mol%)

— Annealed at 900°C

x=0.226 and »=0.715

0
4

570
-

0.4

0.2

CIE x
0.0 0.2 0.4 0.6 0.8

Figure 3.9: CIE chromaticity diagram for the SBP: U (7 mol %) system annealed
at 900°C; The coordinates are demarked by an asterisk
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The predominating wavelength from a light source is evaluated using CIE chromaticity
diagram. This wavelength is an interception point of a straight line drawn from one of the
CIE white illuminants, through the (X, y) coordinates up to the extent, where it touches the
outer locus of points along the spectral edge of the 1931 CIE chromatic diagram. In
SrBPOs: UO»?* the calculated values of x and y coordinates were found to be 0.226 and
0.715 respectively indicated as an asterisk mark (*) in the figure 3.9. The CIE index values
show that the present compound can be used as a potential ‘Green’ emitting phosphor.

3.4 Conclusion:

Uranium doped SrBPOs samples were prepared via solid state reaction route in air
atmosphere. XRD studies confirmed the formation of single phase and better solubility of
uranium at higher concentration. It was observed that up to 8 mol% of the dopant ion there
was no phase separation in the system. SEM studies indicated the presence of uneven,
agglomerated particles with less than 1 um individual particle size. PL studies confirmed

the stabilisation of uranium as UQy%*

in the system. Based on the PL emission data,
concentration quenching was observed beyond 7 mol% of the dopant ion. The estimated
critical distance (Lc) of 3A° suggests Dexter type energy transfer mechanism to be the
predominant one in the system. The life time decay studies indicated the presence of two
different types of environment around Uranyl ion. On annealing at temperatures beyond
900°C the PL emission and decay time values reduced drastically. It was concluded that
on annealing at temperatures beyond 900°C, defect centres get agglomerated around the

metal ion providing non radiative pathways for the energy to get dissipated thereby

reducing the PL emission and decay time. The CIE indices for the 7 mol% uranium doped
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sample annealed at 900°C suggested that the material can be used as a potential green
emitting phosphor.
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Chapter 4

Uranium speciation and its site occupancy in
alkaline earth borophosphates
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4.1 Introduction:

Borates and phosphates have found wide applications as nonlinear optical (NLO) materials.
Thereafter, the combination of borate and phosphate i.e. borophosphates (BPOs) drew the
attention and more investigations were carried out to reveal its structural chemistry [1, 2].
A systematic study on borophosphate based materials was initiated by Kniep et al. though
Bauer has earlier established the synthesis procedure and XRD pattern of MBPOS5 (M= Ca,
Sr, and Ba) [3, 4]. These matrices were found to have a broad range of application as
advanced materials in various research fields such as nonlinear optical (NLO) material,
optical data storage, high density memory devices and phosphors for light emitting diodes.
Incorporation of luminescent activator ions in to MBPOs (MBP) matrices has drawn
research interest for their possible use as luminescent phosphors. The M?* (M= Ca, Sr, Ba)
site in MBPOs system readily accommodates lanthanide ions as luminescent activators.
Han et al. has reported SrBPOs: R, Na* (R = Eu?*, Tb**) phosphor as a potential UV
convertible phosphor for application in white light emitting diodes (WLED) [5]. Bi** doped
MBPOs (M= Ca, Sr, Ba) phosphors are also investigated for WLED applications [6].
SrBPOs:Eu?* is also reported as an possible X-ray as well as neutron storage phosphor [7-
9]. The structural frame work of MBPOs systems are well suited for different types of guest
metal ions starting from transition metals, lanthanides to actinide ions [10-13]. Although
the crystal structure of BPO4 resembles with silica, MBPOs systems appeared to follow
stillwellite structure type that resembles with rare earth boro silicates i.e. CeBO(S10)4 [14-
16]. In MBPOs compounds, BO4 and POg tetrahedral units act as the primary building

blocks joined at common vertexes to give a complex anionic structure. Single chains of
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BOy tetrahedral run parallel to [001] direction and get connected to terminal PO4 units to
form a spiral chain screwing along the 3; axis. The structural rigidity favours stabilization
of activator ions and contributes towards better luminescence properties. It is also reported
that rare earth ions like Eu**, Ce** and Sm3* get partially reduced to their corresponding
lower oxidation states in absence of reducing atmosphere in StBPOs matrix [17-19]. The
presence of anionic AO4 (A= B or P) tetrahedral units as well as aliovalent substitution of
rare earths with respect to Sr?* ion propose reducing behaviour of STBPO5 matrix. There
are very few reports in literature about actinide luminescence in MBPOs lattice [13, 20].
Some of the actinides with 5f electronic configuration show high oscillator strength unlike
lanthanides and thus are more labile towards local structural environment. Therefore,
studying luminescence properties of actinides in solid hosts is fascinating as it can probe
the crystal lattice environment.

Among the actinides, uranium has gained much attention owing to its potential application
in nuclear industry. Uranium is considered as an intermediate-level radioactive waste that
along with its isotopes impart long-term dose. Although uranium is an alpha active radio
nuclei, its long half-life (10°-10° years) makes it difficult to detect it through alpha counting
techniques. However, fluorescence spectroscopy offers an easy approach to detect uranium
in both solid as well as aqueous states [21-24]. Uranium has multiple oxidation states: U
{II), U (IV), U (V) and U (VI) but among these the hexavalent state is the most stable state.
Hexavalent uranium can get stabilized in solids in different forms like UOs%, UO4*, UO»**,
or U% [25]. The parameters like synthesis condition, crystal structure of host lattice and the

local structure around the uranium ion contribute towards the stabilization of a particular
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uranium species. The important fact is that the fluorescence emission spectroscopy can help
in identifying the luminescent species of uranium present in a system. The UO4* emits in
red region where as others emit in green region [26]. The UO,?* (uranyl) emission is unique
with respect to its vibronic progressions and zero point line as it’s fingerprint unlike the
characteristic emission lines of UOg® as well as U* [27,28]. The speciation of uranium in
different solid matrices needs to be addressed in order to investigate its physical, chemical
as well as radiological aspects.

Uranium doped solid matrices have found wide range of application. In recent years,
ceramic matrices mimicking natural minerals have been explored as an alternative host to
conventional alkali borosilicate glasses for radioactive waste storage [29, 30]. Ceramics
have great advantages over glass materials as they are thermally stable compounds and
highly resistant to corrosion and radiation damage [31, 32]. Phosphate based ceramics were
evaluated and found to be an excellent host to stabilize substantial quantities of nuclear
waste for a long term purpose [33, 34]. Raicevic et al. have investigated phosphate based
solid matrices (apatite) capable of in-situ immobilization of uranium in order to remediate
soil contaminated with uranium [35]. Thus, phosphates doped with uranium have
significant a role in both nuclear industry as well as environmental science.

Phosphate hosts are well studied for uranium luminescence. It has been reported that
phosphate based matrices are well designed to stabilise uranyl form of uranium. Hoffman
has reported SrZnP>O7 host that stabilizes uranium as uranyl [36]. Azenha and Blasse have
investigated uranium solubility in several alkaline earth phosphates and found that

flexibility in crystal structure is the driving force to stabilizing uranyl, a long linear tri-

88



atomic molecule [37]. It has been observed that uranyl stabilization in Bas (PO4)> matrix
resulted in formation of a second phase i.e. Ba2UO2(POs)> [38]. Mohapatra et al. have
reported that strontium pyrophosphate matrix incorporates uranium as uranyl at regular
lattice sites of Sr>* [39]. Recently, Luminescence of uranium was studied in StBPOs matrix
by M. Kumar et al. and Rout et al. [13.20]. However, these studies have not discussed the
site occupancy of uranium in details. In the present study, site occupancy and speciation of
uranium in alkaline-earth-borophosphate matrix (MBPOs, M= Ca, Sr, Ba) using photo
luminescence as well as Extended X-ray absorption fine structure is discussed. Stabilization
of uranium as uranate in phosphate matrix is reported here for the first time.

4.2 Experimental:

The undoped MBPOs samples were prepared via the conventional high temperature solid
state reaction route using MCO3, (NHs) HPO4 and H3BOs. In order to prepare ‘U’ doped
compounds, required amounts of UO; (NO3)2.6H20 were added to the mixture of the above
ingredients. After fine grinding, the mixtures were made into pellets of 10 mm diameter
and 0.5 mm thickness and fired at 600°C in a muffle furnace for three hours. After this, the

samples were thoroughly re-grinded and pelletized and heated at 900° for 3 more hours.

The crystal Structure of the prepared samples were examined by powder X-ray diffraction
using a Philips diffractometer (model PW 1071) with CuKy (A = 1.5418A°) source. The
morphology of the samples was recorded by scanning electron microscopy (SEM) model-
AIS-2100, Merero Inc. All PL measurements were made using a Shimadzu RF 5301pc
spectrofluorimeter equipped with a 150W continuous wave xenon lamp. For the

measurements, bandwidths for the excitation and emission monochromator were set at 3
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nm. A long-wavelength-pass filter (UV-35, Shimadzu), with a maximum and uniform
transmittance (more than 85%) above 350 nm, was placed in front of the emission
monochromator in order to reduce the scatter and second order of the incident beam into
the emission monochromator. Here in this spectrofluorimeter, a provision exists to adjust
for the gain of the photometric photomultiplier tube dynamically according to the changes
in the Xe lamp output intensity. The PL decay times were measured by using Edinburgh F-

900 time resolved fluorescence spectrometer at room temperature.

EXAFS (Extended X-ray absorption fine structure) measurements of these samples at U L3
edge were carried out at the energy scanning EXAFS beam line (BL-9) in fluorescence
mode with a high sensitive detector at the INDUS-2 Synchrotron Source (2.5 GeV, 100
mA) at Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India. The
optical arrangement for BL-9 includes a 1.5 m horizontal pre-mirror with meridonial
cylindrical curvature followed by a double crystal monochromator (DCM). The collimation
of the beam and rejection of higher harmonic is achieved by using the horizontal pre-mirror.
The DCM is composed of a sagittal cylinder (second crystal) used for horizontal focusing
as well as a Rh/Pt coated bendable post mirror facing down used for vertical focusing of
the beam at the sample position. The photon energy range of the DCM is 4-25 KeV with a

resolution of 10* at 10 KeV [40, 41].

The EXAFS spectra of the samples at U L3 edge were recorded in fluorescence mode in the
energy range 17050-17700 eV while the XANES (X-ray absorption near edge spectra)

spectra have been recorded along with UFs and UO>COs standards with energy step of 0.5

eV from 17136- 17200 eV. In the fluorescence mode of measurement, the signal ([ £)is
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recorded by a Si drift detector placed at 90° to the incident X-ray beam. Prior to the sample,

an ionization chamber detector is placed to measure the incident X-ray flux (/,). The

absorbance of the sample (u = I_f) is measured as a function of energy. The EXAFS
0

spectra at Sr K edge were recorded in the transmission mode using two ionization chamber

detectors in the energy range 16010-16700 eV by placing the sample in between the

detectors. The incident intensity (/) is measured by the first ionization chamber and the

the transmitted intensity (/, ) by th second ionization chamber leading to the absorbance (

1
MU= exp(—l—’)) recording of the sample. In order to carry out EXAFS measurements,
0

adequate amount of powder samples were taken and mixed with cellulose powder to make
a total weight of 100mg and then out of this powder, pellets of 15mm diameter were
prepared.

4.3. Results and Discussion:

4.3.1 Crystal structure and morphology:

Figure.4.1 shows the X-ray diffraction patterns of MBPOs samples with and without 1 mol
% uranium. Figure 4.1 (a) matches well with the standard data of CaBPOs (ICDD file no:
89-7584). The XRD pattern shows formation of single hexagonal phase in both doped and
undoped samples. Figure 4.1 (b) shows a good agreement with the standard data of STBPOs
(ICDD file no: 18-1270). Figure 4.1 (c) agrees with the standard data of BaBPOs (ICDD
file no: 89-4624). Rietveld analysis was carried out to confirm the phase purity and to rule

out the presence of any impurity presence in uranium doped MBPOs systems [42]. In this
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analysis, JAVA based Material Analysis Using Diffraction (MAUD) programme was used
[43]. The instrumental resolution parameters of Philips (model PW 1071) X-ray diffraction
equipment was derived from the well annealed and highly crystalline Si standard powder.
The background of the intensities of XRD profiles was fitted with 4th order polynomial
and refined the background and scale factor along with zero shift. The hexagonal phases of
CaBPOs (PDF file: 89-7584), SrBPOs (PDF file: 18-1270) and BaBPOs (PDF file: 89-
4624) were taken for Rietveld calculation. The structural parameters such as unit cell
parameters and positional parameters were also refined. It was observed from the Rietveld
refinement that the weighted residual factor (Rwp) of 11.803%, 11.425 % and 9.330% for
uranium doped CaBPOs SrBPOs and BaBPOs respectively exhibited a better fit of reference
and experimental pattern. Figure 4.2 shows the reitvield profile fitting of hexagonal phases
of uranium doped MBPOs systems and indicated that the samples were of single phase and

devoid of impurity.
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Figure 4.1: XRD pattern of undoped and uranium doped (a) CaBPOs (b) SrBPOs
and (C) BaBPOs.
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Figure 4.3 shows a schematic crystal structure representation of MBPOs system. The BO4
tetrahedra anionic unit actively connects to two PO4 tetrahedra by its free vertices and thus
a molecular motif with BPO7 repeating unit is generated, where four of the O atoms are
engaged in repeating the motif to afford the general formula BPO304,2 ~ BPOs. The helical
structure of BOj tetrahedra surrounds the M?* polyhedral to form a tortuous structure. In
stillwellite system, the rare earth cation is coordinated to nine neighbouring oxygens
whereas in MBPOs the smaller charge to ionic radii ratio of alkaline earth metal ions show

eight oxygen coordination to attend structural stability [44].
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Figure 4.2: XRD Rietveld analysis of a) CaBPOs: U b) SrBPOs: U ¢) BaBPOs: U
sintered at 900°C, 3h.
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Figure 4.4 shows SEM micrograph of the MBPOs: U system. It has been observed from
statistical analysis of several micrographs that the overall particle size for these three
systems is around 2 pum. All the three micrographs reveal an inhomogeneous size

distribution, uneven shape, and particle agglomeration owing to its synthesis condition.

Figure 4.3: Schematic presentation of crystal structure of MBPOs system;

M= (Ca2*, Sr2*, Ba?*).
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Figure 4.4: SEM micrographs of the MBPOs: U samples; a) CaBPOs: U b) SrBPOs: U
C) BaBPOs. U.
4.3.2 PL studies on U doped MBPOs :

Figure 4.5 shows the emission spectra of Strontium, Calcium and Barium borophosphates
doped with 1 mol% uranium for an excitation wavelength of 440 nm. It is seen here that
uranium doped SrBPOs and CaBPOs phosphors exhibit similar emission profile which is
different from that seen in case of uranium doped BaBPOs. Luminescence of uranium in

SrBPO:s is well documented.
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Figure 4.5: Emission spectra of 1 mol% uranium doped in (a) SrBPOs (b) CaBPOs
and (c¢) BaBPOs at 440 nm excitation wavelength. The inset shows a magnified (a).

whereas luminescence of uranium particularly in CaBPOs and BaBPOs lacks literature
support to the best of our knowledge. Both SrBPOs: U and CaBPOs: U hosts exhibit
multiple emission peaks with peak maxima at 498, 519, 541, 565, and 595 nm. These peaks
along with a small peak at 482 nm are known as the finger print of uranyl emission. The
small peak at 482 nm referred as the zero point line (zpl) is due to the [ [ — X¢* electronic
transition [45]. The position of zpl may vary from 460 -520 nm depending on the equatorial
coordination number such as 4, 5 or 6. It has been observed that for higher co-ordination
numbers zpl shows higher energy values [46, 47]. The emission peaks appeared at lower
energy range represent vibrationally resolved spectra known as vibronic progression. The

electronic excitation and emission process in Uranyl is explained by its complex electronic
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structure [48, 49]. In uranyl, the atomic orbitals of Oxygen (2s2p) and U (6s6p5f6d7s) gets
combined to form molecular orbitals (36y, 36¢, 2my and 1mg). The valence electrons occupy
these molecular orbitals and form a totally symmetric singlet 'Z* ground state. The electron
transition takes place from the bonding o, to nonbonding ¢, and 6, molecular orbitals. In
this process A, and '3®, excited states are generated which undergo spin orbit coupling

and gets splitted in to various energy states and participate in uranyl luminescence process.
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Figure 4.6: Excitation spectra of 1 mol% uranium doped in (a) CaBPOs (b) SrBPOs
and (c) BaBPOs at 519 nm emission wavelength. The inset shows a magnified (b).

It is observed that CaBPOs: U shows comparatively more emission intensity than SrBPOs:
U indicating that radiative transitions are more feasible in case of CaBPOs. The

characteristic uranyl emission seen in Figure 4.5 (a and b) suggests that StBPOs and
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CaBPOs allow uranium to stabilize as uranyl in their corresponding hosts. This is further
corroborated by the excitation spectra as shown in Figure 4.6. In case of StBPOs: U and
CaBPOs: U, the excitation spectra consisted of ligand-to-metal charge transfer transitions
superposed with vibrational fine structures and it is reported that a maximum of twelve
transitions can be elucidated from the absorption spectrum of UO,?* [50,51]. Both the
spectra exhibit two broad bands in the region of 315-361nm and 394-450nm with maxima
at 335, 342, 350, 407, 415, 425, 434 and 446nm. These excitation peaks show an equidistant
gap (vibronic progression) of 512 cm™! indicating excitation of electrons from ground state
vibrational levels of uranyl to their excited electronic levels. This is typically the
characteristic excitation profile of uranyl moiety. Therefore, both the excitation and
emission spectra suggest that in case of STBPOs and CaBPOs uranium is stabilized as uranyl
in these matrices.

However, BaBPOs: U exhibits different PL characteristics. It shows a broad emission
spectrum ranging from 470 to 620 nm with a peak maximum at 526 nm and a shoulder
around 509nm (Figure 4.5). This emission being seen in the predominantly green region
suggests that stabilization of uranium as UO4* is less likely as this species is known to emit
in red region. Moreover, the presence of Uranyl is also less likely as the vibronic
progression in this emission is absent which could be due to the weakening of the U-O
triple bond caused by delocalization of bonded electrons towards neighbouring oxygens. In
case of U (VI) species, the first emission originating from my —X,* transition is the zero
point line and here the observed shoulder around 509 nm (being positioned at higher

wavelength) appears to be a weak signature of zero point line suggesting an equatorial
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coordination number of 4. The broad emission band without the vibronic progression
observed here for BaBPOs: U can be attributed to electronic origins. The electronic
transition from oxygen (2p) dominated ground state to uranium (6d) dominated excited
state is a parity allowed transition. This emission spectrum shows a close resemblance with
uranates (UOq®) as reported by Blasse et al. indicating stabilization of uranium as uranate
in this host and this broadened emission spectrum could be due to different types of
coordination environment surrounding U (VI) ion [47]. Moreover, the excitation spectrum
of BaBPOs: U is different from that of STBPOs: U and CaBPOs: U. It exhibits a small hump
like structure and two broad excitation spectra with maxima at 302, 340 and 438nm
respectively. Here, the excitation spectrum is a typical charge transfer transitions from
oxygen (2p) to uranium (6d) orbitals. The excitation band at higher wavelength range can
be assigned to ground state electronic transition of hexavalent uranium [52]. Phosphates
are well known to stabilize uranium as uranyl as is observed here in case of STBPOs and
CaBPOs hosts. However, in case of BaBPOs uranium seems to get stabilized in the form of
UOs".

All the three hosts studied here possess similar hexagonal crystal structure. However, the
difference lies with the ionic radii of the constituent cations. The ionic radii for Ca?*, Sr**
and Ba?* are 1.14A, 1.32A and 1.49A respectively. The uranyl moiety being a bigger
molecule and assuming it substitutes at regular cation sites, Ba?* should have been a
favourable site to be substituted by uranyl compared to Sr>* and Ca** due to its higher ionic
radius among the three. Consequently, the uranate luminescence signature should have

been seen from SrBPOs and CaBPO:s. In fact, the ionic size of all the three cations are not
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sufficient to incorporate uranyl moiety. This implies that site occupancy of uranium in all
these matrices needs to be investigated further.

Figure 4.7 shows the life time decay of all borophosphate hosts studied here. The PL decay
curves were fitted using bi-exponential equation: I (t) = Ajexp (-t /™) + Azexp (-t /%) +
yo where I (t) stands for intensity, A; and A; are scalar quantities known as pre-exponential

factors, ‘t’ is the time of measurement and 1| and 12 are emission decay times.
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Figure 4.7: Luminescence decay time profile of (a) BaBPOs: U (b) SrBPOs: U and
(c) CaBPOs: U under 440 nm excitation and 519nm emission wavelength.

Table 4.1 shows the decay time values of uranium in three corresponding matrices. The

decay curve shows two life time values indicating stabilization of uranium in two different
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environments in MBPOs systems. The presence of defect centres in the vicinity of
luminescent species facilitates non-radiative decay leading to shortening of life time. The
shorter decay time could be due to presence of more defect centres around uranium in one
environment whereas uranium positioned away from defect centres or with less number of
defects around it exhibits relatively a longer decay time.

It has been observed that uranium gives higher luminescence life time (t1) in BaBPOs host
lattice whereas the lifetimes in CaBPOsand SrBPOs are comparable corroborating the fact
that uranium exists as a different species in BaBPOs The longer decay time is indicative of
more symmetric site that holds parity forbidden restriction whereas shorter life time reflects
asymmetric sites favouring f-f electronic transition by relaxing selection rules. The lifetime
decay study suggests comparatively a more symmetric environment for uranium in

BaBPOS5.

Table.4.1 Life time decay values of MBPOS: U

Sample T1(ns) T5(ps) Fitting
Parameter (32)

U doped 185.53(51.99%)  32.94(48.01 %) 0.861
CaBPO5
U doped 165 (65%) 54 (35%) 0.848
SrBPOS
U doped 301.06(87.17  28.89(12.83%) 0.853
BaBPOS %)

4.3.3 EXAFS analysis:

Figure 4.8 shows the XANES spectra of MBPOs: U samples at U L3 edge along with

UF4 and UO,COs3 standards wherein U cation exists in +4 and +6 oxidation states
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respectively. The absorption edges of the samples lie close to the absorption edge of
UO:COs standard and the features of the XANES spectra of the samples match with

that of UO2COs3 standard suggesting the presence of hexavalent uranium in these

samples.
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Figure 4.8: XANES spectra of MBPOs: U along with UF4 and UO2CQOs.
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Figure 4. 9: Normalized EXAFS spectra of U doped MBPOs, at U L3 edge.

Figure 4.9 shows the experimental EXAFS ( (E) versus E') spectra of the samples at U L

edge. In order to extract the oscillations present in the absorption spectra, an absorption
function y(FE) (a function of the energy dependent absorption coefficient u(E)) has been

introduced and it can be expressed as follows>?

_ H(E)— 1y (E)

E
2 Auy(Ey)

)

where, E; is the absorption edge energy, uo (E) gives the bare atom background value and

A, (E,) represents the step in the ,(£) value at the absorption edge. There is a need to

convert the energy dependent absorption coefficient y(F)to the wave number dependent
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absorption coefficient y(k), where (k) represents the photoelectron wave number scale

defined by,

2m(E—E
§ o / m(h2 0) )

Where M is the electron mass. The EXAFS oscillations, y(k) is weighted by & to magnify
the oscillation at high k and the functions y(k), k* are Fourier transformed using k range of
2-9.5 A"! to obtain the x(r)versus r spectrum which represents radial distances from the
center of the absorbing atom. The experimental EXAFS data is analysed using EXAFS data
analysis program offered by IFEFFIT software package [54]. The data is used to construct
() versus r spectrum and simultaneously an ideal crystallographic structure is assumed
to generate a theoretical EXAFS spectra followed by fitting of the experimental data with
the theoretical spectra using FEFF 6.0 code. The parameters used for the EXAFS data
fitting are bond distance ( r ), coordination mumber ( N ) and Debye-Waller factor (&*), that

give the static and thermal disorder of the system and the goodness of fit is dertermined by

the parameter R, defined as

actor

_ 5 Iz, (1) X (DT + [Re( g0 (1) = 24, ()T
[Im(Zdat(r[)]z + [Re(ldat(ri )]2 (3)

R factor

where, the experimental and theoretical values of y (r) are represented by Xdar gnd Xin

respectively. The imaginary and real parts of ¢ (r) are denoted by Im and Re respectively.
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The experimental y(r) versus rspectra of the samples at U L3 edge along with best fit
theoretical plots carried out as above have been shown in figure 4.10 and the results of the

fitting have been tabulated in Table 4.2.

r(A)
Figure 4.10: EXAFS spectra in L space for MBPOs: U

The Rfacm, values of all the fits are less than 0.01 which ensures goodness of the fits. It is

important to note that all the presented y (r) versus r spectra are phase uncorrected spectra
as the EXAFS software generally generate phase uncorrected spectra only but during data
interpretation phase corrected datas are only used.

For the SrBPOs: U sample, the () versus r spectrum has been fitted from 1-2.4 A

assuming the Uranyl structure with two axial oxygen bonds at 1.74 A and four equatorial
oxygen bonds at 2.47 A. The Uranyl structure is taken from the Uranyl carbonate structure

reported in the literature [55].
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Table 4.2: U L3 edge EXAFS results

SrBPOs: U CaBPOs: U BaBPOs: U

A [N |02 A [N |62 A) |N o>

U- 1.79 12 |0.007 183 |2 |0.009 |1.80 |2 0.001

U- 238 14.210.009 | 245 | 4.1 0.003 |2.28 |49 |0.008

02
U- - - - 291 |3.810.002 |2.54 2 0.023
03
U-B |- - - - - - 3.44 3 0.001
U-p |- - - - - - 3.65 2 0.002

On the other hand, the 4 (r)versus r spectrum of the CaBPOs: U sample has been fitted
from 1- 3 A assuming three U-O shells at 1.74 A (x2), 2.47 A (x4) and 2.92A (x4). The
third oxygen shell is required to account for the presence of a hump between 2.5-3 A in the
x(r)versus r spectrum. The 4 () versus » spectrum of the BaBPOs: U sample has been
fitted from 1-3.5 A assuming three U-O shells at 1.74 A (x2),2.47 A (x4), 2.92A (x4), one
U-B shell at 3.46 A (x3) and one U-P shell at 3.49 A (x2). The EXAFS analysis results
show that the U-B and U-P paths corroborate well with the Ba-B and Ba-P paths as obtained
from BaBPOs structure reported in literature [56]. This suggests that the Uranium cation is
going into the BaBPOs: U host matrix replacing Ba cations. However, the U-O bond lengths
are found to be much different than Ba-O bond lengths of the host matrix. For the SrBPOs:

U and CaBPOs: U samples no peak was observed in the spectra which can correspond to
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U-B or U-P shells. This may suggest that U cation is not replacing Sr and Ca regular sites
in StBPOs: U and CaBPOs: U respectively. The U-O bond lengths in CaBPOs: U system
are longer than that compared to the U-O bonds in StBPOs: U system. Also, in the STBPOs:
U, uranium has a six coordinated oxygen environment, whereas in the CaBPOs: U, uranium
shows ten coordinated oxygen environment. Therefore, surrounding oxygen environment
of uranium in these two matrices are different, though they show similar PL emission
profile and this may contribute towards different emission intensity and life time decay
values.

Table 4.3: Sr K edge EXAFS results

SBP SBP-U

A [N | r(A) N |

Sr-O1 | 241 2 10.001 2.49 2 0.006

Sr-02 | 2.59 8 0.009 2.69 8 0.014

Sr-O3 | - - - 1.95 1.3 10.027

To get further insight into the StBPOs: U system and to investigate if uranium is replacing
Sr in the matrix or going into interstitial sites, Sr K edge EXAFS measurement has been
carried out on pure STBPOs and SrBPOs: U. The experimental 4 () versus r spectra of these
samples at Sr K edge is shown in figure 4.11 and the results of the fitting have been

tabulated in Table 4.3. The y (r) versus » spectrum of the StTBPOs: U sample has been fitted
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from 1- 2.8 A assuming two Sr-O shells at 2.56 A (x2) and 2.78 A (x8) in phase corrected
spectra (figure 4.11 shows phase uncorrected spectra). Here the crystal lattice structure of
SrBPOs has been taken in to account. However, the StTBPOs: U sample could not be fitted

with the SrBPOS5 structure due to the presence of a hump at 1.9 A (in phase corrected

spectra) in the () versus » spectrum.

0.7 . Sr K edge EXAFS o0 Data

Ix<r)l(/-\'3)

0 1 r(A) 2

Figure 4.11. ¢ (r) vs (r) at Sr K edge in SrBPOs: U sample.

To fit this spectrum, an extra oxygen path has been incorporated in the fitting model at 1.95
A. The presence of an extra oxygen path suggests that U is not replacing Sr in the lattice,
instead it may occupy some interstitial sites. The changes in the Sr environment on U

doping suggests that U cations are going into the SrBPOs matrix without forming any

separate phase.
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The Uranyl structure is generally described by two axial U-O bonds whose bond length
varies as 1.7-2.0 A and 4-6 longer equatorial U-O bond with bond length greater than 2.0
A. However, some Uranium compounds show symmetrical environment. These are known
as Uranate structures where the axial and equatorial bond lengths are nearly equal [57]. In
the present study, it is observed that the difference in bond length of the axial (U-O1) and
equatorial (U-O2) uranium oxygen bonds is more for the StBPOs: U and CaBPOs: U
samples compared to the BaBPOs-U sample as can be inferred from the EXAFS analysis
results tabulated in Table 4.2. The y(r) versus r spectra in Fig. 4.10 shows a single peak for
BaBPOs-U sample and double peaks for StBPOs: U and CaBPOs: U samples due to oxygen
shells. This suggests that oxygen environment around U cation is more symmetrical in
BaBPOs: U sample than that in StBPOs: U and CaBPOs: U samples (as seen above with
lifetime results). The U-O bond length values as obtained from EXAFS analysis of the
BaBPOs: U sample also matches with that reported for Cesium Uranate compounds [53].
This corroborates the findings from luminescence studies that uranium stabilizes as Uranyl
in SrBPOs and CaBPOsmatrices, but in BaBPOsmatrix the uranium stabilizes as Uranate.
4.4 Conclusion:

Uranium doped alkaline earth boro phosphates BaBPOs SrBPOs and CaBPOs are
synthesized using solid state reaction method. The PL studies indicated stabilization of
uranium as uranyl in STBPOs and CaBPOs matrices whereas the uranate form of uranium
gets stabilized in BaBPOs. The life time decay values suggested a relatively asymmetric
environment surrounding uranium in SrBPOs and CaBPOs and a more symmetric

environment for uranium present in BaBPOs. Further investigations using EXAFS inferred
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the site occupancy of uranium in all these matrices. The regular Ba?* site is the preferred

site for uranium in BaBPOs whereas the interstitial sites present in STBPO5 and CaBPOs

are responsible for uranium stabilization. The uranium stabilizes as uranate in BaBPOs

whereas it stabilizes as uranyl in StBPOs and CaBPOs matrices.
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Chapter 5

Understanding the energy transfer mechanism
from Uranium to Europium and Samarium in
SrBPO:s stillwellite host
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5.1 Introduction:

Recently, many literature reports have been published on the use of alkaline earth
borophosphates (with the general formula MBPOs (M=Ca, Sr, Ba)) as hosts for luminescent
materials [1-2]. These host materials belong to the mineral type stillwellite and exhibit
unique photoluminescence (PL) properties upon doping with suitable activators. StBPOs
(SBP) is one such borophosphate that has attracted much attention because of its use as an
X-ray and neutron storage phosphor material [3-4]. Many reports are available in the
literature about the luminescence properties of lanthanides as activators in this matrix. PL
properties of SBP doped with lanthanides such as Sm [5], Eu [3 and 6], Ce, Sm-Ce [7-8],
Dy [9], Tb [10] and actinides such as uranium [11] have been reported earlier. In all these
reports the notable thing is the forbidden nature of the f-f transitions of the lanthanide ions.
Though trivalent europium is well known as a ‘red’ emitting ion, the forbidden nature of
the ‘f-f* transition leads to weak absorption coefficient and consequent weak emission
leading to low quantum yield [12].

In order to circumvent this, a co-dopant ion can be used that can transfer energy
efficiently to the primary activator ion (Eu). The co-dopant can be another lanthanide,
transition metal or even an actinide depending on the suitability. Out of the different co-
dopants, uranium has a special place. One may find many reports on the efficient energy
transfer phenomena from hexavalent uranium to trivalent europium in different types of
media like solution, glasses, polymers and ceramics etc. Kropp and Joshi et al. have
reported energy transfer from UO,?* to Eu?* in solutions and suggested that the energy
transfer is accompanied by electric dipole transition and electron exchange interaction [13-

14]. Later Tanner and Vargenas studied its pH dependence in aqueous perchlorate solutions
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[15]. Energy transfer from UO»** to Eu®* in acidic solutions by an exchange interaction
mechanism has been reported by Yamamura et al. [16]. Similarly Olken et al. observed
host to guest excited state energy transfer in lamellar solids of hydrated Europium Uranyl
phosphates [17]. Dai et al. had earlier proposed a static energy transfer process from UO**
to Eu* in sol-gel glass [18]. They observed that quenching of UO»** emission by Eu** in
sol-gel glass is much less in comparison to aqueous solution which was ascribed to the
mobility of the ions in the system. In borosilicate glass, transfer of energy from UO»** to
Eu’*lead to a fivefold fluorescence enhancement of Eu** [19]. Okamoto et al. reported an
effective energy transfer from UO>%* to Eu®* in polymers based on the proximity of metal
ions in ionic aggregate of these ionomers [20]. Hoffman suggested a radiation less energy
transfer from UO2** to Eu®* in SrZnP>O7 [21]. Recently, Kumar and Mohapatra had
reported that both static and dynamic type mechanism is responsible for the U—Eu energy
transfer in ZnAl>,Og4 spinel host [22]. It is not only Eu, uranium has proven its potential
energy transfer efficiency for co-dopant samarium (Sm) also. Reisfeld et al. as has reported
UO2** — Sm>* energy transfer in phosphate glass [23]. According to this study, when the
donor is excited at higher energy levels, due to stronger overlap between electronic levels
of donor and acceptor the energy transfer efficiency is high. Here the sensitization of Sm**
by non-radiative energy transfer from UO2?* in Zinc phosphate glass was found to be
electric dipole-dipole in nature. Coordination polymers are also reported where
sensitization of Sm** by UO»?* has occurred efficiently [24]. However, the dynamics of this
energy transfer mechanism (U— Eu and U— Sm) has not been studied in SBP matrix in

spite of having plenty of literature on the individual doped systems [5, 27]. In the present
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paper, the U—Eu as well as U— Sm energy transfer mechanisms has been investigated in

detail in the SBP host using PL excitation, emission and life time data.

5.2 Experimental:

The undoped SBP samples were prepared via the conventional high temperature solid state
reaction route using SrCOs3, (NH4)2 HPO4 and H3BOs. For the ‘Eu’ and ‘U’ doped samples,
required amounts of Eu,0O3 and UO2(NO3)2.6H>O were added to the mixture of the above
ingredients respectively. After fine grinding, the mixtures were made into pellets of 10 mm
diameter and 0.5 mm thickness and fired at 873 K in a muffle furnace for 3 hours. After
this, the samples were thoroughly ground and pelletized and heated at 1173 K for 3 more
hours.

The crystal Structure of the prepared samples were examined by powder X-ray
diffraction using a Philips diffractometer (model PW 1071) with Cu K, (A = 1.5418 A?)
source. All PL measurements were made using a Shimadzu RF 5301 PC spectrofluorimeter
equipped with a 150 W Xenon lamp. For the measurements, bandwidths for both the
excitation and emission monochromator were set at 3 nm. A long-wavelength-pass filter
(UV-35, Shimadzu), with maximum and uniform transmittance (more than 85%) above 350
nm, was placed in front of the emission monochromator in order to reduce the scattering.
The PL decay time measurements were carried out using an Edinburgh FLS 900 unit at

room temperature.
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5.3 Results and discussion:

5.3.1 Crystal structure analysis:

Figure 5.1 show the X ray diffraction patterns of undoped, U (1 mol %) doped, Eu (1 mol
%) doped and co-doped (U=1 mol%, Eu=1 mol %) SBP. The observed peaks were found
to be in good agreement with the standard ICDD patterns (File no: 18-1270). This suggested
the stabilisation of SBP in a hexagonal geometry with space group of P3,21. There was no
signature of any other phase implying the formation of a single phase system. Detailed
discussion regarding the crystal structure of SBP can be found elsewhere [5, 11].

Figure 5.2 shows the X ray diffraction patterns of undoped, U (1 mol %) doped, Sm (1 mol
%) doped and co-doped (U =1 mol%, Sm =1 mol %) SBP. The observed peak patterns in
a, b, c and d were in good agreement with the standard ICDD patterns e (File no: 18-1270).
The collected XRD patterns were devoid of second phase as well as impurity peaks
indicating the formation of a single phase system. Fig. 5.1 and 5.2 shows that dopant U /
Sm/ Eu does not alter the crystallography of SBP system. It can be attributed to the very

low concentration of the dopant ion.
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Figure 5.1: (a) XRD patterns for the undoped SBP, (b) Eu (1 mol%) doped SBP, (c)
U (1 mol% ) doped SBP, (d) U and Eu co-doped SBP, (e) Standard (ICDD) pattern
no-18-1270

5.3.2 PL studies on Eu doped SBP:
The PL properties of Eu in SBP host are well documented [3, 10]. Figure 5.3 shows the

excitation and emission profile of Eu (0.1 mol%) doped SBP. The excitation spectrum (with
Aem = 590 nm) exhibits peaks at 394, 464 and 542 nm. The peak centred at 394 nm is known
to be a transition from "Fy ground state to >Le excited level [25]. The emission profile (with
Aex =394 nm) shows maxima at 584, 589, 599, 612, 622, and 723 nm. These observed

emission bands are the well-known Do —F; (with J= 0, 1, 2, 3, 4 etc.) transitions of Eu
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(III). The Do —F; transition is a magnetic dipole transition that is often reported to appear
in the region 588-595 nm. In the present case, the particular transition appears to split into
three emission peaks i.e. 584, 589 and 599 nm most probably due to lowering of the site
symmetry around the metal ion (Stark Splitting). The band positioned at 612 nm originates
from Dy —’F, electric dipole transition and is known to be hypersensitive towards
surrounding crystal field. The crystal field strength is perturbed by site symmetry, bond
length, covalency and ligand charge. Here, it is observed that Do —F transition is more
intense than "D —’F; transition and the SDo —F transition is completely absent indicating

more symmetric position for Eu (III) in SBP.
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Figure 5.2: (a) XRD patterns for the undoped SBP, (b) Sm (1 mol % ) doped SBP, (c)
U (1 mol% ) doped SBP, (d) U and Sm co-doped SBP, (e) Standard (ICDD) pattern
no-18-1270
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Figure 5.3: PL (a) excitation and (b) emission spectra for the 0.1 mol% Eu doped
SBP sample

The emission peaks appeared at 622 and 723 nm correspond to transition from the Do to
the "F3 and "F4 levels, respectively. Since the main focus of the work is to understand the
energy transfer mechanism, the Eu concentration throughout the work was maintained at

0.1 mol%.

5.3.3 PL studies on Sm doped SBP:

Figure 5.4 shows the emission spectra of STBPO5: Sm (1%) with an excitation wavelength

of 410nm. The emission spectrum originating from *Gs level to °H; levels, (where J= 5/2,

7/2 and 9/2) of Sm3+ are clearly observed here. The emission peak positioned at 559-566
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nm is a typical magnetic dipole transition and it corresponds to *Gs;, — ®Hs, transition. The
4Gs/» — SHyp emission transition is positioned at 596-608 nm. This transition is known to
be a partly magnetic and partly forced electric-dipole transition [33]. The emission peak
centered at 642 nm is a pure electric-dipole transition originating from*Gs, — ®Hop
transition. All of these emission peaks are associated with stark components. The presence

of stark components clearly indicates that Sm is present at a site with lower symmetry.
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Figure 5.4: PL emission spectrum of SBP: Sm, at an excitation wavelength of
410nm.
The PL excitation spectrum of Sm doped SBP phosphor, monitored at a wavelength of 596

nm, is shown in Figure 5.5. The excitation bands present between 350 nm and 500 nm are
representative of typical intra-4f transitions in Sm3+ ions. The excitation bands centred at
346 nm, 358 nm, 373 nm, 400 nm, 417 nm, 440 nm, and 476 nm, are assigned to the °Hs,

— *Hop, *D3s2, *Din, *Fip, *Psi, *1 132 and #1112 transitions of Sm3+ ions, respectively [34].
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Among these transitions the ®Hs» — *F7, transition corresponding to the peak at 410 nm is
the most intense and is considered for the measurement of the emission spectra of SBP:

Sm3* Phosphor.

40

w
o
. I
—

3
E -
P )
=
»n 204
=
[
et
=

10 -

b v b v hd ] d v
300 350 400 450 500
wavelength(nm)

Figure 5.5: PL excitation spectrum of SBP: Sm,

at an excitation wavelength of 596 nm.

5.3.4 PL studies on U doped SBP:

Figure 5.6 shows the excitation and emission spectra of the uranium (1 mole %) doped
SBP. The excitation profile (Aem = 519 nm) is characterised by the presence of a number of
peaks at 335, 343, 352, 407, 417, 434, and 440 nm. Similarly, the emission spectrum shows

sharp peaks at 498, 519, 541 and 565 nm with 440 nm excitation. Two rather known small
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bands are also observed at 482 and 595 nm. Mohapatra and Natarajan have described the
nature of excitation and emission bands of uranium in several hosts [26]. Recently, we also
have discussed the PL properties of Uranium in SBP host with respect to its concentration

and annealing temperature during preparation [27].
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Figure 5.6: PL a) excitation and b) emission data of uranium (1 mol %) doped SBP

The observed spectral properties of the dopant uranium ion suggested its stabilisation as
uranyl ion (UO2%*). Here, the excitation process can be explained as an electron transition
from a bonding oxygen orbital (cu, Gg, Tu, Tg) to non-bonding uranium 5f orbitals through
ligand-to-metal charge transfer (LMCT) process. Although, the LMCT process follows
parity forbidden rule for uranyl ion (due to its Dh symmetry), interruption of local co-

ordination environment lowers the symmetry and facilitates the transition. In case of the
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emission spectrum, the first low intense emission peak centred at 482 nm is known as the
anti-stokes band originating from the first vibrational level of the ground state whereas
peaks at higher wavelength region are the vibrational progressions resulting from strong
coupling of the ground state Raman active symmetric vibrational (vi) modes with the 3w,
electronic triplet excited state. The characteristic emission profile with anti-stokes line and

vibrational fine structures can be taken as fingerprint for the presence of uranium as UO,*.

5.3.5 Understanding the energy transfer process from Uranium to Europium:

Figure 5.7 shows the emission spectrum of the co-doped sample (U = 1 mol % and Eu =
0.1 mol %) with Aex = 440 nm that corresponds to uranyl excitation. The corresponding
emission spectra (with 440 nm excitation) for the single doped SBP samples (only Eu and
U) are also shown in the figure for comparison under identical settings. It is evident from
this figure that in the co-doped sample, upon exciting at 440 nm, the emission due to Eu**
enhances (at least 4 times) with a reduction in the UO2** emission. It is worth mentioning
here that in case of the Eu-SBP sample excited at 440 nm, no signature of U was seen

(figure 5.4 ¢).
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Figure 5.7: PL emission spectra of U, Eu and U-Eu co-doped SBP with

Aex = 440 nm (corresponding to uranyl excitation)
To probe further, emission spectra were recorded for the co-doped sample by varying
uranium concentration (and keeping the Eu3+ concentration fixed at 0.1 mol %) as shown
in figure 5.8. It can be observed from the spectra that though the europium ion concentration
is unchanged, its emission intensity keeps on increasing with increase in uranium
concentration. On the other hand, with increase in the uranium amount, the peak intensities
corresponding to uranyl ion increase marginally. In the co-doped sample, the Eu** emission
was recorded by exciting at its characteristic excitation wavelength (’Fo—°Ls transition of

Eu?*) of 394 nm.
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Figure 5.8: PL emission spectra of Eu (fixed at (0.1 mol %) SBP co-doped with

varying Uranium concentration.
Figure 5.9 shows emission spectra of the co-doped sample at both 440 and 394 nm. It can
be observed from the figure that the emission from Eu ion is more when excited through
uranyl (at 440 nm) rather than direct excitation (at 394 nm due to "Fo—°Ls). This clearly
brings out the fact that the energy transfer process from UQO»** to Eu**observed here

efficiently populates the excited state of Eu** compared to that by direct excitation of Eu’*.
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Figure 5.9: PL emission spectra of Eu*tin U- Eu co-doped SBP at (a) Aex = 440 nm
and (b) Aex = 394nm

Overlapping of the emission band of the donor and the excitation band of the acceptor is a
prerequisite for the energy transfer to occur. In the present case the overlap between the
uranyl ion emission and the europium ion excitation (in the single doped SBP samples) is
shown in figure 5.10. It is obvious from this figure that there is a significant overlap

between these two that drives the energy transfer.

5.3.6 PL decay time investigations:

To corroborate the above mentioned static PL based investigations, PL decay time
measurements were also performed on the system. Since the decay time measurements are
dynamic in nature, this additional information substantiates the data obtained from the static
PL excitation and emission data. Figure 5.11 shows the PL decay time curves for single

doped (uranium 1 mole %) as well as the co-doped sample (uranium=1 mole % with
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europium = 0.1mole %) doped samples with Aex= 440 nm and Aem = 521 nm. The curves
could be fitted in to bi-exponential decay using the following equation.
I(t)=Ao+ Arexp (-t1/71) + Azexp (-12/72) (D)
Here Ai and A are the pre-exponential factors and scalar quantities, t; are the time of

measurement and 11 and 12 are the decay time values.

500
400 - 34
a) excitation spectra of Eu
4 b) emission spectra of Lll::t2
g S46nm
S 3004
'E Spsnm
o
=
— 200 4
£
=
a)
100 <
b)
0 T ' T . Hﬂh_l-._— '
300 450 600 750

wavelength (in nm)
Figure 5.10: Spectral overlap of a) excitation spectrum of SBP doped with Eu** (0.1

mol %) and b) emission spectrum of SBP doped with U (0.1 mol %)
The decay time values along with their respective percentage and the fitting parameters are
given in table- 5.1. Based on literature data, these two life time values are attributed to the
uranyl ion situated in two different environments surrounded by varying amounts of defect
centres [11, 26]. It can be seen from the data that the values for both t; and 12 reduced upon

co-doping with Eu. This implies that upon co-doping with Eu, additional relaxation paths
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are being created for the dissipation of the energy to the neighbouring Eu ion from the
excited uranyl ion (present in two different environments).
Table- 5.1: PL decay time values for the U and Eu-U co-doped samples with 440 nm

excitation and 521 nm emission.

Sample T1(us) T2(us) Fitting Parameter (y?)
U doped 135 (15%) 45 (85%) 1.14
U and Eu co-doped 106 (18%) 20 (82%) 1.24

a) U (1mole%) + Eu (0.1 mole%)

10° 4 b) U (1mole%)
.2 103-E
c
=
o
SREY

T T T
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Figure 5.11: PL decay time data for the U and Eu+U co-doped samples with Aex =

101 . m ﬁ‘ ‘ i
L 1T Ml
2.5
440 nm and Aem = 521 nm (corresponding to the uranyl species)
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5.3.7 Calculation of the efficiency of energy transfer (optimum concentration

for maximum energy transfer):

In order to investigate the energy transfer efficiency, PL investigations were carried out on
samples with varying europium concentration and a fixed uranium concentration. Figure
5.12 shows the emission spectra of co-doped samples where uranium concentration is fixed

at 1 mol % and europium concentration is varied from 0.05 to 0.5 mol %.
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Figure 5.12: PL emission spectra of SBP doped with U (1.0 mol %) with varying
Europium concentration

Upon excitation at 440 nm it is observed that the uranyl emission intensity decreases
monotonously with the increasing europium concentration. Above 0.1 mol % of europium
concentration, reduction in the Eu** emission intensity is also observed. This later

phenomena can be ascribed to the concentration quenching mechanism (i.e. mutual
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interaction between nearby europium ions). The above experimental results indicate that
the optimum concentration of the respective dopant ions is uranyl 1 mol % and Eu’* 0.1
mol % for the maximum energy transfer. The efficiency for this energy transfer process

(nr) can be calculated using the following expression [28].

Hr = 1- (Is/Iso) (2)

Here I and I stand for the PL intensity of a sensitizer in the presence and absence of an
activator, respectively. In the present system the uranyl is the sensitizer and the Eu?* is the
activator ion. Figure 5.13 shows the plot of ‘nr’ as a function of Eu** concentrations. It is
observed that nris increasing gradually with increasing Eu** concentration. The maximum

energy transfer efficiency was observed to be ~ 80 % in the SBP stillwellite host.
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Figure 5.13: Energy transfer efficiency (n1) of the SBP samples doped with UO2** (1

mol %) and co-doped with varying Eu** concentration
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5.3.8 Mechanism for the energy transfer process:

The energy transfer mechanism follows mainly two major routes: one is the exchange
interaction mechanism known as Dexter type and the other is the multi-polar interaction
type or Froster resonance energy transfer (FRET) mechanism [29].The distance between
the donor and acceptor is always an important parameter in both the mechanisms. In case
of FRET, the probability of energy transfer decreases at a rate of 1/L°. The critical distance
(L.) for FRET is close to 100A. In case of Dexter type energy transfer process the
probability of energy transfer decreases as (exp)™ and here maximum typical distance is <
10 A. According to Blasse, the critical distance R u.es can be calculated using following

equation [30].

R v. = 2[3V/4I1XZ] "3 (3)

Here “V’ is the volume of the unit cell, ‘X’ is the number of uranyl and europium ions, and
‘Z’ 1s the number of formula units per unit cell. The value of X and V are obtained from
XRD data. For the SBP host, the optimum concentration of uranyl and europium are
estimated to be about 1 and 0.1 mol % respectively. The critical distance Ry gu is thus
calculated to be 6.9 A which is shorter than 10 A, indicating that the energy transfer follows
the exchange interaction mechanism. According Reisfeld’s approximation, the following
relations hold good for multipolar interaction in case of a Dexer type energy transfer
mechanism [31].

(Mo / ns) a C u+ku 4)
and, (0/15) o C° vk (%)
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Here 1o and 1 are the luminescence quantum efficiencies of uranyl in the absence and
presence of Eu ion respectively. The values of 1o/ ns can be calculated approximately by
the ratio of relative PL intensities (Is/Iso); C is the sum of the concentration of uranyl and
europium.

The relationship in equation 5 corresponds to the exchange interaction where n = 6,
8, and 10 for dipole - dipole (d-d), dipole - quadruple (d-q), and quadruple - quadruple (q-
q) interactions, respectively [32]. Depending on the type of interaction one equation may

show best fit for any given system.
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Figure 5.14: Dependence of I/Iso of uranyl on (a) Cu+ku, (b) C%3usku (¢) C¥3usku
and (d) C'"3y,gu
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The above relationships between (Is/Iso) and C were plotted using both equation 4
and 5. For equation 5, the possible values for ‘n’ were taken as 6, 8 and 10 as shown in
Figure 5.14(a) to Figure 5.14(d).

The linear relationship verified with the corresponding fitting factors R? showed
best fitting for 1o/ ns @ C u+ea (With R 2=0.98227 ) as shown in Figure 5.14(a). This implied
that the energy transfer from U—Eu takes place via the exchange interaction.

Based on the above discussions, the following schematic energy level diagram (Figure
5.15) can be proposed to illustrate this energy transfer process. Based on these experimental

evidences, a suitable energy level scheme was proposed for both the energy transfer

process.
A
=+ 28500 cm!
e —
= 5 i
= D manifold of Eu 1 23500 em
- %"' 2 7
3Ag —v Z~ —=—
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Figure 5.15: A schematic energy level diagram explaining the energy transfer

process from uranium (UO2%*) to europium (Eu**) in SBP host
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It was proposed that after excitation by photons, the uranate ions transfer their energy to
nearby D; level of Eu** ions which non-radiatively de-excites to the corresponding lower
levels of SDo. Further this >Dy level decays in a radiative mode to the ’F manifold giving
the characteristic emission profile of trivalent Eu.

5.3.9 Understanding the energy transfer from uranium to samarium:

800
700 =
4 a) Sm(0.1 mol% ) at Aexc.410nm
00 c) b) Sm(0.1 mol% ) at Aexc.424nm
A ¢} U(1 mol%) at rexc.424 nm
d)U(1 mol%)+Sm(0.1 mol%) at Aexc.424nn
S 5004
L]
> 4004
7] 4
c
3 300 «
£
200 =
100 =
2)
0 T T T
450 500 550 600 650 700

wavelength (nm)

Figure 5.16: PL emission spectra of U, Sm and U-Sm co-doped SBP at different Aex

Fig. 5.16 the emission spectrum of the co-doped sample (U = 1 mol % and Sm = 0.1 mol
%) with Lex = 424 nm that corresponds to uranyl excitation. The corresponding emission
spectra (with 424 nm excitation) for the single doped SBP samples (only Sm and U) are
also shown in the figure for comparison under identical conditions.

Figure 5.16 (a) and (b) shows emission spectra of the Sm-SBP sample at both 410

and 424 nm respectively. . It is evident here that at uranium excitation wavelength (424

138



nm) Sm-SBP sample is not giving any emission whereas at 410 nm the Sm emission is due
to its characteristic °Hs» — 4F7), transition. Interestingly in the co-doped sample (figure x
(d)), upon exciting at 424 nm, the emission due to Sm3* enhances (~7 times) with a
reduction in the UO** emission. It can be observed from the figure 5.16 (d) and 5.16 (a)
that the emission from Sm ion is more in co-doped sample when excited through uranyl (at
424 nm) rather than direct excitation (at 410 nm due to ®Hs;» — *F72 transition). This clearly
shows that the energy transfer process occur from UQO>?* to Sm3* efficiently and thus the
excited state of Sm** gets more populated compared to that by direct excitation of Sm?**,

To probe further, emission spectra were recorded at 424 nm excitation wavelength for the
co-doped sample by varying uranium concentration (and keeping the Sm** concentration
fixed at 0.1 mol %) as shown in figure 5.17. It can be observed from the spectra that upon
increasing the uranium concentration the emission intensity of uranium decreases
drastically. Although the samarium ion concentration is unchanged, but its emission
intensity also decreases with increase in uranium concentration. This shows that at higher
uranium concentration a concentration quenching phenomenon is taking place. Here the
concentration quenching process is appeared to be dominating and it is difficult to
investigate about energy transfer process from uranium to samarium unlike U (1 mol %) +
Sm (0.1 mol %) doped SBP system. As it is known overlapping of the emission band of the
donor and the excitation band of the acceptor is a necessary prerequisite for the energy
transfer process to occur, in the present case the overlap between the uranyl ion emission
and the samarium ion excitation (in the single doped SBP samples) is shown in figure 5.18.

The figure shows a prominent zone i.e. centred at around 476 nm in Sm excitation range
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that overlaps with the emission profile of uranium i.e. close to its zero phonon transition

and thus it facilitates the energy transfer.
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Figure 5.17: PL emission spectra of Sm (fixed at 0.1 mol %) SBP co-doped with
varying Uranium concentration at Aex = 424 nm.
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Figure 5.18: Spectral overlap of a) excitation spectrum of SBP doped with Sm3* (0.1
mol %) and b) emission spectrum of SBP doped with U (1 mol %)
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5.3.10 Calculation of the efficiency of energy transfer (optimum concentration for

maximum energy transfer):

In order to investigate the energy transfer efficiency, PL investigations were carried out on
samples with varying samarium concentration and a fixed uranium concentration. Figure
5.19 shows the emission spectra of co-doped samples where uranium concentration is fixed
at 1 mol % and samarium concentration is at 0.3 mol %. It shows the effect of uranium as
a sensitizer towards enhancement of emission intensity of samarium. Compared to Sm
alone as well as SBP: U, Sm both excited at 401 nm, the emission intensity of Sm in SBP:
U, Sm system excited at 424 nm is more and at the same time uranium in SBP: U, Sm
systems excited at whether 401 or 424 nm shows a decreased emission intensity compared

to SBP: U system, indicating possible energy transfer from uranium to samarium.

800 =
700 4 a) Sm (0.3 mol%) at Aexc.401 nm
A b) U (1 mol %) + Sm (0.3 mol%) at Aexc.424 nm
600 ¢) U (1 mol %)+ Sm(0.3 mol%) at Aexc.401 nm
r d) U (1 mol %) at exc.424 nm
500 - g

Intensity (a.u.)

T T T T
550 600 650 700

wavelength (nm)

Figure 5.19: Emission spectra of a) Sm (0.3 mol%) at Aexc. 401 nm b) U (1
mol%) + Sm (0.3 mol%) at Aexc. 424 nm ¢) ) U (1 mol%) + Sm (0.3 mol%) at
Aiexc. 401 nm d) U (1mol%) at Aexc. 424 nm.
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Similarly we studied energy transfer phenomenon for SBP: U (1 mol%) + Sm (0.5 mol%)
also. Fig. 5.20 shows the the emission spectra of co-doped samples where uranium
concentration is fixed at 1 mol % and samarium concentration varies from 0.1 to 0.5 mol
%. Upon excitation at 424 nm it is observed that the uranyl emission intensity decreases
monotonously with the increasing samarium concentration. It implies that upon increase in
acceptor concentration (Sm**) more and more excited state energy of donor ion ( uranyl
ion) is drained out. In this way uranyl donates or transfer energy non-radiatively to
samarium and its emission intensity falls drastically. But at the same time although
increased samarium concentration can withdraw more energy from uranium (fixed
concentration at 1 mol %) but it is observed that above 0.1 mol % of samarium

concentration, reduction in the Sm** emission intensity is observed.
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U (1 mol%) + Sm (0.1 mol%)
U (1 mol%) + Sm (0.3 mol%)
500 - U (1 mol%) + Sm (0.5 mol%)
4 at Aexc 424nm
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200

100

500 : 5!':0 ; BlllD : 650 : 700
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Figure 5.20: Emission spectra of SBP: U, Sm at Constant U (1 mol %) varying

Sm concentration from 0.1 mol % to 0.5 mol% at an excitation
wavelength of 424 nm.
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This phenomena can be ascribed to the concentration quenching mechanism where a
mutual interaction between nearby samarium ions may lead to decrease in emission
intensity rather than enhancement. In this regard, SBP: U (1 mol%) , Sm (0.1 mol %) is an
ideal combination where the energy transfer process as well as enhancement in Sm*
emission intensity is clearly observed. The efficiency for this energy transfer process (nr)

can be calculated by using the expression

nr=1- (I;/ Iy) as discussed earlier [28].

Here I and I stand for the PL intensity of a sensitizer in the presence and absence of an
activator, respectively. In the present system the uranyl is the sensitizer and the Sm>* is the
activator ion. Figure 5.21 shows the plot of ‘nr’ as a function of Sm** concentrations. It is
observed that nris increasing gradually up to 0.4 mol% with increasing Sm** concentration.
The maximum energy transfer efficiency was observed to be ~ 82 % in the SBP: U, Sm
system.

As earlier discussed in SBP: U, Eu system (equation 3), here too we calculated the critical
distance (Lc) for SBP: U, Sm system. The (L) was found to be 6.32 A indicating the
possible energy transfer process from uranium to samarium follows a Dexter type energy

transfer process.

143



y /

\

Energy transfer efficiency
3
1

w
o
1

40 = y T y T : g
0.1 0.2 0.3 0.4 0.5

mol% of samarium

Figure 5.21: Energy transfer efficiency vs mol% of Sm plot.

5.3.11 PL decay time investigations:

PL decay time studies were carried out on SBP: U, Sm systems to investigate more about
the energy transfer process. Here the excitation wavelength was chosen to be 250 nm and
emission at 596 nm for SBP: U, Sm systems in order to monitor life time of uranium. Fig
5.22 shows the life time decay curves of SBP: U, Sm systems. But interestingly at this
wavelength set up the observed decay curve was a bi-exponential decay curve representing
life time decay values of U as well as Sm. This is because at ~ 590 nm both donor as well
as acceptor ion emits. Life time decay values of Sm in SBP: Sm and SBP: U, Sm systems
with 401 nm excitation and 596 nm emission were also measured. All this measurements

are tabulated in Table 5.2.
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Figure 5.22: Life time decay curves of SBP: U, Sm systems.
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Table 5.2: Life time values of SBP: U, SBP: Sm and SBP: U, Sm systems:

Sn sample Life time at 250 Life time at 401
1 u 224.59 ps, 61.37us -

2 Sm(1) 2.4

3 U+Sm(0.1) 210 ps, 1.99ms 2.1

4 U+sm(0.3) 181.93 us, 2.0ms 2.5

5 U+Sm(0.5) 86.95us, 1.5ms 2.6

The life time decay studies have shown that as the Sm concentration increases the life time
of U decreases (Figure 5.23). This could be attributed to increased acceptor (activator) ion

concentration which facilitates a non-radiative energy loss from the excited state of
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uranium. This non-radiative energy loss further facilitates energy transfer fluorescence
enhancement of Sm.

Based on the above discussions, the following schematic energy level diagram (figure 5.24)
can be proposed to illustrate this energy transfer process. Based on these experimental
evidences, a suitable energy level scheme was proposed for both the energy transfer
process. It was proposed that after excitation by photons, the uranyl ions transfer their
energy to nearby “Gsp level of Sm* ions which non-radiatively de-excites to the
corresponding lower levels of *Gsp. Further this *Gs, level decays in a radiative mode to

the °®H manifold giving the characteristic emission profile of trivalent Sm.
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Figure 5.23: Life time of Uranium with increased concentration of Samarium in
SBP: U (1 mol %) + Sm (x mol %), x= 0.1, 0.3, 0.5

146



F
4 28500 cort
= ”: + 23500 cort
3 e ’%q
A, s Y N
i ‘G, 18500 cor
[}
H':.-‘.." 1
| | 8 I
le + = "Hy, Lo
E - Emdl 12
g vot
moiety

Figure 5.24: A schematic energy level diagram explaining the energy transfer
process from uranium (UO22*) to Samarium (Sm>*) in SBP host

5.4 Conclusion:

In conclusion, it can be said that, PL excitation, emission and decay time investigations
were carried out on U and Eu co-doped SBP as well as U and Sm co-doped SBP host
prepared via solid state reaction route. The uranium ion was stabilised as uranyl where as
the Eu and Sm ion were stabilised in their respective 3+ states in the stillwellite host. In the
co-doped systems, Uranyl ion was observed to be the donor whereas europium and
samarium ions were observed to be acceptor ions. Optimum dopant ion concentrations were
evaluated for maximising this energy transfer whose efficiency was calculated to be 80 %

and 82% for SBP: U, Eu and SBP: U, Sm systems respectively.
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Chapter 6A

Luminescence approach on Speciation of
uranium in Barium borate (BaB,0y)
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6A.1 Introduction:

Borate based optical materials are of great interest. The main reason lies with its unique
combination of large electronic band gap. In addition to this, strong nonlinear optical
properties, chemical and environmental stability, mechanical robustness high transparency,
exceptional optical damage threshold and low synthetic temperature also contribute
towards its potential [1-5]. Recently number of borate based red-emitting luminescent
materials were designed for WLEDs [6-9]. Rare earth doped BaB>O4 were well investigated
whereas there is a lack of literature support for actinide doped BaB2O4 systems [10-12].
The present work is mainly focused on luminescence investigation of uranium when doped
in BaB,0a.

6A.2 Experimental:

The samples were prepared by a co-precipitation method. Barium nitrate hexahydrate (Ba
(NOs)2. 6H20)(AR), Boric acid (H3BOs3), uranyl nitrate hexa hydrate (UO2)(NO3),. 6H,O
were used as starting materials. Required amount of Ba (NO3),. 6H>O) and Boric acid
(H3BO3) as per to the stoichiometric calculations were dissolved in de-ionized water,
respectively. The required amount of (UO2) (NO3)2. 6H>O solution was added into the Ba
(NO3)2 solution and mixed completely with continuous stirring. Then, aq solution of Boric
acid was dropped in to the above mixture with a continuous magnetic stirring at 50°C. In
this process precipitates were come out. After filtering, the precipitate was washed three
times with 30 ml de-ionized water and subsequently dried in an oven at 85°C for 24 h. The

samples were obtained after the powders were calcined at 800 °C for 1h.
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6A.3 Results and discussion:

6A.3.1 Crystal structure:

Figure 6A.1 shows the PXRD pattern of undoped BaB2O4, uranium (0.5 mol %) doped
BaB,04 and the standard reference one with ICDD file no- 24-0086. It was observed that
PXRD patterns of synthesized undoped BaB>O4 and uranium (0.5 mol %) doped BaB2O4
dopant uranium closely resembles with the standard reference pattern of ICDD file no 24-
0086 and the crystal structure come out to be monoclinic. The XRD pattern of uranium (0.5
mol %) doped BaB20O4is devoid of any additional peak and there is also no peak presenting
impurities.
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Figure 6A.1: PXRD pattern of BaB204, BaB204: U, standard BaB204
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6A.3.2 Morphology:

Figure 6A.2 shows the SEM data for the BaB2O4: U synthesized via co-precipitation route.
The figure shows an inhomogeneous size distribution and agglomeration of the particles in
the BaB204 system. The overall particle size for the system was found to be less than 1um
based on the statistical analysis from several micrographs. The uneven shape of the particles

observed in this case was due to the synthesis procedure.

2 um Mag = 15.00 KX EHT = 5.00 kV Date :11 Dec 2013
| WD= 4mm Signal A = InLens Time :15:31:23

Figure 6A.2: SEM image of BaB204: U system, synthesized
via co-precipitation route
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6A.3.3 Photo luminescence (pl) investigation:

Figure 6A.3 represents the pl emission of BaB2O4: U at an excitation wavelength of 353nm.
The broad spectrum revealed the superposition of strong emission peak at 550 nm and lower
intensity bands at 533 nm. A small hump was also seen at 570 nm. Generally, the first
emission peak of a U (VI) species is termed as the zero phonon (zp) line, that is originated

by [[g —Zg" electron transfer transition.
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Figure 6A.3: PL emission spectra of BaB204: U
In crystalline materials, the position of the zp line normally varies from 520 to 470 nm. In
the present case, the observed band starts at 500 nm. This strongly indicates that the
equatorial coordination is in between 4 and 7. It is usually observed that, for uranyl species,
the zp line (t0) is strongest peak, but for uranates, the t1 or in some case, the t2 is the most

intense peak. In the present case, as it can be seen, the t1 peak is more intense. Further, the
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vibronic couplings, which are usually more prominent in case of uranyl species, are not
clearly observed. The emission spectrum observed here also closely resembles that of
uranates (UOg%) as reported in many literatures [13-15]. Here the emission spectrum is
originated as electron transitions from orbitals derived primarily from oxygen (2p) to
uranium (6d) orbitals. The transitions are thus parity allowed, but not necessarily electric
dipole allowed.

Figure 6A.4 represents the pl excitation spectrum of BaB>O4: U. The broad excitation
spectrum ranges from 250 nm to 400 nm with a maximum at 360 nm and also a small hump
shape excitation at 290 nm. . Here, the excitation spectrum is a typical charge transfer
transitions from oxygen (2p) to uranium (6d) orbitals. The excitation band at higher
wavelength (360 nm) range can be assigned to ground state electronic transition of

hexavalent uranium [16].
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Figure 6A.4: PL excitation spectra of BaB204: U
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Figure 6A.5 shows the life time decay of BaB,O4: U. The PL decay curves were fitted using
bi-exponential equation: I (t) = Ay exp (-t /™) + Azexp (-t /%2) + yo where I (t) stands for
intensity, A and A; are scalar quantities known as pre-exponential factors, ‘t’ is the time
of measurement and t; and 12 are emission decay times. The decay time values come out to
be 6.9 us with ¥*>= 1.058. The reported life time appears to be shorter as expected in the
case of octahedral uranates [17]. This can be attributed to the local symmetry of uranium
in BaB20O4 matrix. At present host matrix there may be an asymmetric site symmetry
surrounding the uranium ion and this asymmetric environment facilitates the electron
transition selection rules to be relaxed and thus the forbidden transitions become partially

allowed and transitions happen with shorter life time.
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Figure 6A.5: Photoluminescence decay profile of BaB204: U at A exc. = 360 nm
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6A.3.4 Evaluation of color coordinates:

Color coordinates for BaB2O4: U was evaluated adopting standard procedure [18]. The
CIE (Commission Internationale de I’éclairage) chromaticity coordinates are useful to
determine a light emitting materials performance on color luminescent emission. A (X, y)
co-ordinate in the color space determines the color of any light source. The spectral
power distribution (SPD) of the light source and the CIE color matching functions are the
required parameters to determine the (x, y) coordinate. The chromaticity coordinates X, y,
z can be obtained from tristimulus value X, Y and Z as follows:

X = X/X+Y+Z,y = Y/X+Y+Z and z = Z/X+Y+Z

CIEy ise

0.4 ]

0.2

0.0 :
] CIE x ]
0.0 0.2 0.4 0.6 0.8
Figure 6A.6: CIE chromaticity diagram for the BaB204: U system, the coordinates
are demarked by an asterisk
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The predominating wavelength from a light source is evaluated using CIE chromaticity
diagram. This wavelength is an interception point of a straight line drawn from one of the
CIE white illuminants, through the (X, y) coordinates up to the extent, where it touches the
outer locus of points along the spectral edge of the 1931 CIE chromatic diagram. In
BaB>0O4: U the calculated values of x and y coordinates were found to be 0.228 and 0.521
respectively indicated as an asterisk mark (*) in the figure 6A.6. The CIE index values
show that the present compound is a ‘Green’ emitting phosphor.
6A.4 Conclusion:
Uranium doped BaB,O4 samples were prepared via co-precipitation route. XRD studies
confirmed the formation of single phase upon doping of uranium in to BaB>0O4 matrix. SEM
studies indicated the presence of uneven, agglomerated particles with less than 1 um
individual particle size. PL studies confirmed the stabilisation of uranium as UO¢’" in the
system. The life time decay studies revealed a shorter single life time value, indicating
asymmetric site symmetry surrounding the uranium ion in BaB2O4. The CIE indices for this
system suggested that the material is a potential green emitting phosphor.
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Chapter 6B
Investigation of Photo luminescence and site
occupancy of uranium in BaAl,B20~
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6B.1 Introduction:

Recently, alkaline-earth aluminium borates have gained much attention owing to its
potential in designing efficient luminescent materials [1, 2]. Emergence of this material is
associated with its low synthesis temperature, high UV transparency, high luminescence
brightness, good thermal stability and also non-linear optical properties that make the
material useful for application in plasma display panels (PDPs), UV devices and non-linear
optical materials [3, 4, 5]. This matrix is well known as an ideal host to several rare earths
and contributes towards developing WLED (white light emitting diodes) materials [6, 7, 8,
9]. Among the alkaline-earth aluminium borates, BaAl,B>0O7 has evolved as a potential
phosphor material. The most fascinating about Alkaline-earth aluminum borate
(BaAl2B207) being a host is its crystal structure that was first described by Hubner and
latter it was studied in details by Ye et al. [10, 11]. The whole structure of BaAl,B>O7
resembles to be rhombohedral where the Ba ions are sandwiched between layers consisted
of AlOy4 tetrahedra and BOs triangles in large cavities formed by six oxygen atoms at the
vertices of an octahedron and six more distant oxygen atoms also with an octahedral
arrangement. The well occupied Ba ion sites seem to be ideal host sites for many guest
ions. Pekgozlii et al. have reported blue emission from Pb?* doped BaAl:B,O; [12].
Camardello et al. have studied optical spectroscopy, thermal quenching and electron-
vibrational interaction of BaAl,B>O7: Eu®* [13]. Recently, an abnormal reduction of Eu**
to Eu?* in oxidizing environment under UV excitation is also observed in BaAl,B>O7 matrix
[5]. However, incorporation of actinides in alkaline-earth aluminum borate lacks literature

support. At present, solid host matrices doped with uranium are being studied in order to
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investigate suitable matrices for long term storage of radioactive waste [14-19]. Although
many works has been carried out on uranium doped borates but uranium doped alkaline-
earth aluminum borate is still an untouched one [20-22]. In the present investigation,
luminescence of uranium in BaAl2B20O7 host matrix has been carried out. As it is known
that solubility and site occupancy of uranium in solid matrices, being a heavy metal ion is
always challenging so it is interesting to study BaAl;B207: U system. Uranium shows
various oxidation states i.e. from trivalent to hexavalent and interestingly each of these state
shows their characteristic optical spectroscopic properties [23-29]. The uranium in
hexavalent state appears in different forms such as UO4>, UO¢® or UO»2*. So, the form of
stabilization or speciation is also an important factor for investigation and towards this end
luminescence technique is very useful. The present study is intended to probe BaAl,B207:
U system and extract information regarding speciation of uranium, its photophysical
properties as well as its site occupancy in BaAl,B>07 host matrix.

6B.2. Experimental:

The uranium doped and undoped samples were prepared via solution combustion
technique. All the chemicals used were of Analytical Reagent (AR) grade. Stoichiometric
proportions of Ba(NOs3)2, AI(NOs3)3.9H20, H3BOs3 (5 mol % excess), and UO2(NO3)2.6H20
were ground together thoroughly in an Agate Mortar, adding little amount of double
distilled water to obtain an aqueous homogeneous solution. In the first phase, the aqueous
solution was transferred into a china basin and slowly heated at lower temperature of 70°C
in order to remove the excess water. The heated solution is known as precursor solution.

Then the precursor solution was introduced into a preheated muffle furnace maintained at
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600°C. The solution boils and foams appears and suddenly it ignites to burn with flame and
finally a voluminous, foamy precursor powder was obtained. The whole combustion
process was over in about 5 min. The well-mixed precursor powders were pressed into
pellets. The pellets were then placed in an alumina crucible and heated in a muffle furnace
for 3 hrs at 900°C in air and quenched to room temperature.

The crystal Structure and phase purity of the prepared powders were examined through
powder X-ray diffraction using a Philips diffractometer (model PW 1071) operating with
monochromatic CuK, (A = 1.5418A) radiation. Photo luminescence (PL) excitation and
emission measurements were made using a Shimadzu RF 5301pc spectrofluorimeter with
150W CW (continuous wave) xenon lamp as the excitation source. A long-wavelength-
pass filter (UV-35, Shimadzu), with a maximum and uniform transmittance (more than
85%) above 350 nm, was placed in front of the emission monochromator in order to reduce
the scatter of the incident beam into the emission monochromator. In the RF 5301pc
spectrofluorimeter, the gain of the photometric photomultiplier tube is dynamically
adjusted to correct for the changes in the Xe lamp output intensity using a monitoring
photomultiplier. The PL decay time measurements were carried out using an Edinburgh
FLS-900 time resolved fluorescence spectrometer at room temperature.

X-ray absorption (XAS) measurements, which include both X-ray near edge structure
(XANES) and Extended X-ray absorption fine structure (EXAFS) measurements, have
been done on the U doped BaAl.B20O7 sample at Ba and U L3 edge at the Energy Scanning

EXAFS Beamline (BL-9) at the Indus-2 Synchrotron Source (2.5 GeV, 200 mA) at the Raja
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Ramanna Centre for Advanced Technology (RRCAT), Indore, India. The details of the
beam line is given elsewhere [30, 31].

EXAFS measurement at U L3 edge has been carried out in the fluorescence mode, the

sample was placed at 45° to the incident X-ray beam and the fluorescence signal (If ) is

detected using a Si drift detector placed at 90° to the incident beam. An ionization chamber

placed prior to the sample measures the incident beam (10) and in this case the X-ray

=1, /10. EXAFS measurements

absorption co-efficient of the sample is determined by
at Ba L3 edge, on the other hand, have been done in transmission mode where the sample

is placed between two ionisation chamber detectors. The first ionization chamber measures

the incident flux ( Iy ) and the second ionization chamber measures the transmitted intensity

I
M =exp(——)

(]f) and the absorbance of the sample is obtained as ( Ly ).

6B.3 Results and discussion:

6B.3.1 Crystal structure and morphology:

Figure 6B.1 represents the powder X-ray diffraction (XRD) patterns of uranium doped and
undoped BaAl:B20O7. The XRD patterns are in good agreement with the standard data in
JCPDS file no. 01-086-2168. BaAl,B>O7 matrix shows rhombohedral crystal structure and
it has been observed that, incorporation of uranium does not disturb the original structure.
The BaAlB2O7 system is composed of BOs triangles, BaOg octahedra and AlOj4 tetrahedra

units (Figure 6B.2).
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Figure 6B.1: XRD patterns of undoped and uranium doped BaAl2B207 with a
reference of standard ICDD 86-2168 pattern.
The independent triangular BO3 ions are connected alternatively by Al-O—Al bridges and
Ba atoms resulting in a rigid framework of corner-shared AlO4 tetrahedra and BOs triangles.
In present case, the uranium doped host lattice has two possible regular lattice sites i.e. Ba>*
and AI** for incorporation of uranium. The ionic radius of hexavalent uranium (0.87 A) i
greater than the ionic radius of AI** (0.51 A) but less than that of Ba?* (1.34 A). Therefore,

it is interesting to probe the site occupancy of uranium in BaAl>B>O7.
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Figure 6B.2: Schematic presentation of crystal structure of BaAl2B207 system

6B.3.2 PL investigations:

Uranium (1mol %) doped BaAl:B20O7 shows a broad emission spectrum (Figure 6B.3). The
emission spectrum ranges from 475 to 650 nm with a maximum at 550 nm upon excitation
at wavelength of 285nm. Here the range of emission wavelength indicates the absence of
U (1), U (IV) and U (V) form of uranium. It is because the emission maxima of U (III), U
(IV) and U (V) are known to appear at higher wavelength regions than observed in the
present case [24-26, 28]. So, the next possibility indicates towards U (VI) emission. In case
of stabilization as U (VI), there are possibilities that uranium may get stabilized as uranyl
group (UO»?"), tetrahedral (UO4>) or octahedral uranium groups (UOs%, and U%* and
UQy!%). The observed emission profile corresponds to green emission thus presence of
uranium in the form of tetrahedral (UO4*) group, that emits in red region is not valid [32,
33]. The probability of presence of uranyl form also fades away as the broad emission
spectra of BaAl:B20O7: U is a structure less one i.e. devoid of vibronic progression lines. In

uranyl the equidistant vibronic progressions are originating from strong coupling of the
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ground state Raman active symmetric vibrational (v1) mode with the 37, electronic excited
state. In addition to this the zero point line i.e. the electron transfer transition from oxygen
to one of the non-bonding uranium orbital (ng — X¢*) is a prominent marker for uranyl
emission [34] and occurs in the range between 471-520 nm. In present case the emission
profile lacks of all these uranyl emission characteristics. Thus the presence of uranium in
the form of uranyl is ruled out. So, now the broadened emission spectrum is an indicative
of uranium ions experiencing a range of coordination geometries and environments and
may stabilize in the form of UO, (n= number of oxygen present at equatorial as well as
axial position). Here, the coordination number at equatorial position is more likely to be 4
(as in UO¢ ® ) and/or lower than 7 (as in UO9!?"). However, the observed spectra closely
resembles to UOe® as reported in various literature [35-37]. Although uranium faces f-f
parity forbidden charge transfer transition issues but the involvement of vibronic coupling
of 5f—tlu with ungerade vibrational modes of UO¢® octahedron facilitates relaxation.

The excitation spectrum of the BaAl;B207: U monitored at 550 nm emission is shown in
Figure 6B.4. The spectrum exhibits a broad band in the region 220-300 nm peaking at 285
nm, which is ascribed to charge transfer from oxygen (2p) to uranium (6d) orbitals. In
addition to this, excitation peak at around 434 nm is due to hexavalent uranium. Although
the PL studies confirms the stabilization of uranium in the form of UQOs® but there is no
strong clue about the site occupancy. As, Ba exists as an octahedra BaOs in BaAl2B2O7
moiety, uranium may prefer to reside in Ba regular sites rather than Al** sites which remains
as AlOg tetrahedra structure. As discussed earlier the ionic radii of host ions ( Ba** AI’*)

are also not in good agreement with ionic radii of dopant ion (U(vi)). There is a huge
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difference in the oxidation states of host ions and dopant ion too. In this regard

luminescence decay time studies are of great importance.
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Figure 6B.3: PL emission spectra of the BaAl:B207: U system at an excitation
wavelength of 285nm

160 4
140-
120-.
100-.

804

Intensity (a.u.)

60 4

404

250 300 350 400 450
wavelength(nm)

Figure 6B.4: PL excitation spectra of the BaAl:B207: U system at an emission
wavelength of 550nm
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6B.3.3 PL decay time studies:

Here luminescence decay time measurements were carried out by exciting the sample at
285 nm and monitoring emission at 550 nm. The life-time/decay curve is shown in Figure
6B.5 and it was observed that the curve could be fitted as bi-exponential decay: I (t) = Aj
exp (-t/%) + Azexp (-t /%) + yo where A and A; are pre-exponential factors and are scalar
quantities,‘ t’ is the time of measurement and t; and 12 are the decay time values. The PL
decay time values for BaAl,B207. U were observed to be 11 = 24 ps (65%) and 12 = 86 ps
(35 %). The double decay time values suggest the presence of uranate ions at sites with two
different types of surrounding environment. Here there are two possibilities. First one is the
uneven distribution of defect centres around the uranium ion i.e. the one surrounded with
more defect centres may result in smaller decay time values through non radiative
relaxation. Secondly the double decay time may be presenting two different lattice sites
occupied by uranium i.e. regular lattice sites of Al and Ba ions. As Ba ion possesses an
octahedral geometry, uranium may experience a better symmetric coordination
environment compared to tetrahedral environment of Al ion and thus uranium placed at Ba
site may decay slower than the uranium placed at Al site owing to symmetry forbidden
rules. Information from PL and PL decay time studies are not corroborating each other and
thus investigation of site occupancy of uranium in BaAlB>O7 remains interesting for

further studies.
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6B.4. EXAFS studies on BaALbB20O7: U

6B.4.1 Ba L3 edge:

Figure 6B.6 shows the XANES spectra of the BaAl,B>07 and U doped BaAl;B>07 samples
at Ba L3 edge. The XANES spectra do not show any significant change except a small
increase in the white line intensity for the U doped BaAloB2O7; sample. The EXAFS

oscillations have been extracted from the absorption spectra following the standard
procedure [38, 39]. The £ () function is weighted by & to amplify the oscillations at high

k' and the functions 4 (k) k? are Fourier transformed in ” space to generate the £ (r) versus

I plots (or FT-EXAFS spectra) in terms
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Figure 6B.5: PL decay curve of the BaAl2B207: U system at an A emission 0f 550 nm

and A excitation Of 285 nm
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of the real distances from the center of the absorbing atom. The k range used for Fourier
Transform is 2-8.5 A-!, the short & range is due to the appearance of Ba L, edge at 5624
eV which is at a difference of 377 eV from the L3 edge (5247 eV). EXAFS Data Analysis
program Athena and Artemis in the Demeter software package has been used for data

processing and data fitting respectively [40].

— BaAI28207
= U doped BaAl;B,0,
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Figure 6B.6: XANES spectra of the BaAl:B207 and U doped BaAl2B207
samples at Ba L3 edge

Normalized p(E)

The 4 () versus /' plots of the BaAloB2O7 and U doped BaAl>B>O7 samples at Ba L3 edge

have been shown in Figure 6B.7. The £ () versus 7 data has been fitted from 1.5- 2.8 A
assuming two Ba-O paths at 2.75 A (x6) and 3.25 A (x6) following the crystal structure of
BaAl:B20O7 [41]. The theoretical fits following this procedure has been plotted in Fig. 7 and
the fitting results have been tabulated in Table 6B.1. From the results, it can be observed

that the Ba-O bond length decreases on U doping. From figure 6B.7 it is also evident that
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the intensity of the peak near 3.2 A (phase uncorrected) which corresponds to Ba-Al
coordination shell at 3.75 A according to BaAl,B,O crystal structure, increases on U

doping. The increase in the intensity

1.0

Ba L, edge EXAFS = © Data

0.8

) (A's)
o
-

0.2
0.04"
L l L l L] ' L]
0 1 2 3 4
r(A)
Figure 6B.7: Z(") versus 7 plots of BaALB207 and U doped BaAl:B207 samples at Ba
L3 edge

of this peak may be attributed to the replacement of Al with U. Since the atomic number of
U (92) is much higher than that of Al (13), therefore the scattering amplitude of U is much
higher compared to Al which may result in an increase of peak intensity. Also, the ionic
radius of U (0.87 A) is higher than that of Al (0.675 A), therefore the replacement of Al

with a larger ion like U may result in shortening of nearby bonds as has been observed for
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Ba-O bonds. It should be noted that due to the short k range (2-8.5 A‘l) of the data, the

X() versusr data has been fitted only up to the first shell.

Table 6B.1: EXAFS Results of Ba L3 edge

BaAl:B:0; U doped BaALLB,0;

rA) N pe rA) N o2
Ba- 2.7840.02 | 6.0+0.1 0.0125+0.00 | 2.71+0.0 | 6.8%1.2 | 0.0125+0.000
01 08 2 5
Ba- 3.17%0.01 | 6.0 +0.1 0.0225+0.00 | 3.1240.0 | 5.3+0.8 | 0.0223+0.000
02 05 3 7

6B.4.2 U L3 edge:
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Figure 6B.8: XANES spectra of the U doped BaAl2B207 sample at U L3 edge along
with UO2CO3 standard
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Figure 6B.8 shows the XANES spectra of the U doped BaAl;B>07 sample at U L3 edge

along with UO>CO3 standard where U cations exist in +6 oxidation state. From the XANES

spectra it is evident that U cations exist in +6 oxidation state in the U doped BaAl>2B,0Os

sample. Figure 6B. 9 shows the £ () versus ' plots (or FT-EXAFS spectra) of the U doped

BaAlB2O7 sample at U L3 edge. The FT-EXAFS spectrum is extracted from the EXAFS

spectra using the Fourier transform k range of 2-9 A-! and is fitted in the r range of 1-2.5 A

using an axial U-O shell with coordination 2 and an equatorial U-O shell with coordination

of 4 following the Uranate structure as predicted from Photoluminescence measurements

done on the samples.
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Figure 6B.9: £ (") versus r plots (or FT-EXAFS spectra) of the U doped BaAl:B20~
sample at U L3 edge
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Table 6B.2: EXAFS Results of U L3 edge

U doped BaAl:B,0O7
1(A) N o’
U-Oax | 1.89£0.02 |2 0.0095+0.0008

U-Ogq | 2.2720.01 | 4.1£0.1 | 0.0022+0.0006

The coordination number of the axial U-O path is kept fixed, while all other parameters of
the axial and equatorial U-O paths are varied during the fitting. The experimental data along
with the best theoretical fit following the above mentioned procedure have been plotted in
Fig. 6B.9 and the EXAFS fitting results are tabulated in Table 6B.2. From the EXAFS
fitting results (Table 6B.2) it is evident that the two axial oxygen atoms exist at a bond
distance of 1.89 A and four equatorial oxygens exist at a distance of 2.27 A around U
cations which is consistent with Uranate structure [42, 43]. So, it is evident From the
EXAFS results that there is a possibility of U replacing Al in the BaAl>B2O7 lattice.
However, the U L3 edge EXAFS results suggest that U cations exists in distorted octahedral
geometry as Uranate in the lattice. Therefore, from the EXAFS analysis at both Ba and U
L3 edge, it appears that though U replace the tetrahedral coordinated Al, but it rearranges

its local environment as distorted octahedral geometry of the Uranate structure.

6B.5 Conclusion:
Uranium doped BaAlB2O7 is successfully synthesized by solution combustion synthesis

method and it is validated by PXRD studies. The PL studies have shown that BaAl.B,0O~

host matrix is an ideal matrix for uranium luminescence studies as uranium gets stabilized
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in this host as uranate (UQg ). This host matrix offers two different environments ( with
respect to defect centres) for uranium stabilization which is understood from PL life time
measurement indicating two lifetime values of 24 us (65%) and 86 ps (35 %). Further
investigations using EXAFS inferred the site occupancy of uranium in BaAl;B207. The

regular AI** site is the preferred site for uranium in this matrix.
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Chapter 7

Summary and Conclusions
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7.1 Introduction

This chapter presents a summary of all the works discussed in preceding chapters. This

concluding chapter also discusses the future perspectives which stem out from this research

work. This thesis presents luminescence studies of uranium in various solid matrices. These

solid matrices include alkaline earth borophosphates, barium borate and barium aluminium
borate matrices. All these matrices (doped and undoped) were characterized in order to
observe the phase purity as well as morphology studies. The luminescence studies were
carried out with an aim to observe the PL characteristics of dopant ion (uranium) such as
excitation, emission and decay time values that indirectly informs about the feasibility of
photo luminescence process in that particular matrix as PL process is associated with both
radiative as well as non-radiative decay processes. The life time decay values of uranium
ion in different systems were studied carefully in order to probe the effect of surrounding
lattice as well as defects. The analysis of PL spectra were used for speciation of uranium
in different matrices. EXAFs studies were carried out and found very useful in order to
determine the site occupancy of uranium. This also gives an insight in to the local
coordination environment of uranium. All these studied matrices were found to be ideal
phosphors for uranium luminescence.

7.2. Summary and Conclusions

The alkaline earth borophosphates were found to be potential enough for accommodating
uranium in their host lattice. The conventional solid state synthesis route was followed for
synthesis of both uranium doped and undoped alkaline earth borophosphate samples. The

PXRD datas confirmed the correct phase formation. Photo luminescence studies including
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lifetime decay studies revealed the oxidation state as well as form of stabilization of
uranium in corresponding matrices.

In case of StBPOs: U system, Photoluminescence (PL) studies confirmed the stabilisation
of uranium as uranyl ion (UO.?*) in the system. Based on the PL emission data
concentration quenching was observed beyond 7 mol% of the uranyl ion concentration. The
critical distance (Lc) was estimated to be 3A suggesting Dexter type of energy transfer
mechanism responsible for the quenching. The life time decay studies indicated the
presence of two different types of environment around Uranyl ion. The effect of annealing
temperature was also studied. On annealing at temperatures beyond 900°C the PL emission
and decay time reduced drastically. It was concluded that on annealing at temperatures
beyond 900°C, defect centres get agglomerated around the metal ion providing non
radiative pathways for the energy to get dissipated thereby reducing the PL. emission and
decay time. Color coordinates were evaluated for the 7 mol% uranium doped sample
annealed at 900°C and it was found that STBPOs: U is a potential green emitting phosphor.
The various oxidation state as well as different forms of stabilization of uranium fascinated
us to explore different host lattices i.e. other alkaline earth (calcium, strontium and barium)
based borophosphates. XRD measurements confirmed the single phase formation of
uranium doped alkaline earth boro phosphate samples. The PL of uranium in calcium and
barium borophosphate is studied for the first time. Photoluminescence studies indicated
presence of uranium as Uranyl in StBPOs and CaBPOs matrices whereas in case of BaBPOs
the indication was for uranate species. The life time data corroborated presence of a

different uranium species in STBPOs, CaBPOs and BaBPOs. The site occupancy of uranium
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was further probed using EXAFS which confirmed that in case of StBPOs and CaBPOs,
uranium enters as Uranyl whereas in BaBPOs, uranium enters in to the host as uranate
irrespective of greater ionic radii of Ba* ion.

In order to understand the luminescence behaviour of uranium with its co-dopant i.e. rare
earths like europium and samarium, phosphors like StBPOs: U, Eu and SrBPOs: U, Sm
were investigated. It was observed that while ‘Eu and Sm’ were stabilised in its trivalent
state and uranium was stabilised as the uranyl ion (UO,?*) in this host. Detailed mechanism
for the observed energy transfer from uranium to europium and samarium were studied
separately using emission, excitation and photoluminescence decay time measurements. In
the co-doped systems, Uranyl ion was observed to be the donor whereas europium and
samarium ions were observed to be acceptor ions. In these systems the energy transfer
process was found to be of Dexter type. Optimum dopant ion concentrations were evaluated
for maximising this energy transfer whose efficiency was calculated to be 80 % and 82%
for SBP: U, Eu and SBP: U, Sm systems respectively.

Borate matrices were also investigated for uranium luminescence. Uranium doped BaB2O4
samples were prepared via co-precipitation route. XRD studies were carried out to find the
phase purity of synthesized samples. It was observed that dopant uranium did not affect the
crystal structure of BaB2O4 system significantly. Synthesis through co-precipitation route
resulted with a morphology of uneven, agglomerated particles with less than 1 pm
individual particle size, which was observed in SEM analysis. PL studies confirmed the
stabilisation of uranium as UOe" in the system. The life time decay studies revealed a

shorter single life time value, indicating asymmetric site symmetry surrounding the
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uranium ion in BaB2O4. The CIE indices for this system suggested that the material is a
potential green emitting phosphor.

Uranium doped BaAl:B2O7 phosphors were synthesized through solution combustion
synthesis method. The luminescence studies indicated suitability of this alumino borate
matrix to stabilize uranium as uranate (UOg % ). The uranium life time values suggested
uranium to be surrounded by two different environments with varied/different defect
concentrations. The site occupancy of uranium in BaAl:B2O7 was probed through EXAFS
studies. It was observed that the preferred sites for uranium incorporation is the Al** regular
lattice sites, irrespective of greater ionic radii of Ba* sites.

7.3 Scope of future work:

Based on the information obtained from the present studies, the borophosphate as well as
alumino borate matrices can be further studied for incorporation of radioactive wastes. In
addition to this different types of ceramic as well as glass matrices can be explored for
uranium luminescence. Towards this following studies can be carried out.
1) Probing the effect of radiation damage on the structure of MBPOs: U, BaAl;B207:
U systems.
2) Investigation of uranium luminescence in phosphate based glasses.
3) Luminescence studies of uranium in oxide based ceramics.
4) Investigation of uranium luminescence and its site occupancy in silicates with
apatite-related structure.
5) Temperature dependent photo luminescence properties of uranium in MBPOs: U,

BaAl:B20O7: U and BaB2O4: U systems.
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Glossary

Abbrevation Full name

PL Photo Luminescence

WLED White Light Emitting Diodes

EXAFS Extended X-ray Absorption Fine Structure
DCM Double Crystal Monochromator

LMCT Ligand to Metal Charge Transfer

NLO Nonlinear Optical Matrial

XAS X-ray Absoeption Structure

XANES X-ray Near Edge Structure

SEM Scanning Electron Microscope
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