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PREFACE 

 

Lanthanide ion-doped up-/down-converting phosphors are giving an edge over 

conventional organic fluorescent dyes or quantum dots due to their tailoring, unique and 

beneficial tunable electronic, optical and magnetic properties that enable potential wide 

ranging applications in optoelectronics, solid state lasers, security printing, biomedical 

diagnostics, sensors, solar cells, catalysis and biological imaging. Earlier, the studies and 

development of phosphors were limited for their lasers and display applications. While, 

owing to their unique optical properties these also promise for other potential new 

applications in biological and material sciences. These aspects spark our interest to 

explore tunable optical properties of trivalent lanthanide ion-doped rare earth fluoride 

phosphors and their various applications. We have dedicated efforts to deliberate the 

Ln
3+

-doped rare earth fluoride, specifically NaREF4 system and understand the effect of 

different dopants and dopant combinations, surface cappings, functionalization and their 

structural and optical properties and investigate various applications.  We have also 

modified the system by conjugation of drug molecules and other entities to make them 

suitable and efficient for and according to the need of targeted application. This thesis 

presents detailed work on hexagonal phase Ln
3+

-doped rare earth fluoride ; β-NaREF4: 

Ln
3+ 

systems. 

 

 In chapter 1, we will discuss about the background of the research work and also 

addresses the motivation behind studying the lanthanide ion-doped phosphors. We will 

also talk about the stimulating optical features which make Ln
3+

-doped rare earth 

phosphors so interesting to study. Towards the end of the chapter, we will discuss the 

rationale behind choosing the rare earth fluorides and scope of present investigation in the 

thesis work.  

 

 Chapter 2 will address the fundamental studies on synthesis and optical studies of 

highly crystalline, uniform and well defined multiform morphologies of β-NaYF4:Tb
3+ 

crystals. We will discuss their morphology tuning, effect of capping agents and other 

reaction parameters. We will also briefly discuss about the possible mechanisms and 

effect of morphology on the luminescent properties. We will also reveal the photocatalytic 

properties of β-NaYF4:Tb
3+ 

phosphors and their correlation with morphology. 
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 Followed by the fundamental studies on synthesis, structural and optical properties 

of these β-NaYF4:Ln
3+ 

(Ln
3+ 

= Tb, Yb/Er and Yb/Tm) crystals, in chapter 3 we will focus 

on the design and development of highly crystalline, biocompatible, PEI functionalized β-

NaYF4:Gd
3+

,Tb
3+ 

nanorods system as luminescent/magnetic multimodal cell imaging tool. 

We will further conjugate the anticancer drug doxorubicin to β-NaYF4:Gd
3+

,Tb
3+ 

to 

enable them as a pH-triggered, site-specific drug delivery nanovehicle. We will further 

study their structural, optical, magnetic properties, cytotoxicity and cellular uptake 

mechanisms. We will also explore the pH-triggered drug release properties, and 

bioimaging and MRI abilities. It is expected that the as developed DOX-conjugated β-

NaYF4:Gd
3+

/Tb
3+

 system combining efficient luminescence, paramagnetic properties, and 

pH-triggered drug delivery, promises to be a potential multifunctional platform for cancer 

theranostics, biodetection and imaging. 

 

Further, since the development of multifunctional platforms for broad range of 

applications has geared tremendous progress towards the design and engineering of such 

functional materials possessing multiple discrete functions in single composites. Keeping 

the similar perspective, the objective of chapter 4 is to develop single multifunctional 

platform by judicial integration of up-converting luminescent and magnetic β-

NaGdF4:Yb
3+

,Er
3+

 and mesoporous anatase TiO2 ; β-NaGdF4:Yb
3+

,Er
3+

/mTiO2 

nanocomposite system, for enhanced energy and simultaneous biomedical applications. 

We will study the structural, optical and magnetic properties of respective pristine and β-

NaGdF4:Yb
3+

,Er
3+

/mTiO2 nanocomposite systems in detail. We will also explore their 

potentiality for photocatalysis, solar cell, and MRI applications and will discuss their 

mechanisms.   

 

 Finally, chapter 5 will describe the conclusion of the overall work presented in 

this thesis. The future direction of this thesis also presented in this chapter. 
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Chapter 1 

 

Introduction 

Outline 

---------------------------------------------------------------------------------------------------------------- 

 

 

 

 

 

This chapter comprises the basic concepts of luminescent properties of 

lanthanide-ion-doped phosphor materials. The rationale behind focused interest 

in lanthanide ion-doped down-conversion and up-conversion rare earth 

fluorides (NaREF4; RE=Y, Gd) is also discussed in detail. The distinctive 

electronic, optical and magnetic properties, their structure, classification are 

described in-depth. The current state of art of these lanthanide ion-doped 

phosphors is discussed. Various hybrids and applications of phosphors are 

discussed. Towards the end of this chapter, we have presented the outline of the 

thesis work. 
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1. Introduction 

 

1.1.  Lanthanide photophysics 

 

The luminescence from lanthanide ions has been one of the fields of steady growth, 

due to their fascinating optical properties and potential applications in wide varieties of 

sciences. The stunning story of lanthanides, also said as rare earths (Sc, Y, La–Lu) started in 

1787 when lieutenant Carl Axel Arrhenius from the Royal Swedish Army, an amateur 

geologist, discovered a curious black stone in a quarry located in the vicinity of Ytterby.
1


Analysis of this heavy stone by mineralogist B. R. Geijer revealed it as a new mineral which 

was named ‘‘ytterbite’’. Later in 1894, Johan Gadolin, a professor at the University of Abø, 

identified and discovered a new element in it by chemical analysis, and named it “yttrium”.
2
 

Thereafter, these facts initiated a series of investigations which eventually led to the 

identification of 15 other rare earth elements between 1803 (cerium) and 1907 (lutetium), 

while the last one (promethium), had being artificially synthesized at the Oak Ridge National 

Laboratory in 1947.
2
 

1.1.1 Electronic structure of lanthanide ions 

The lanthanides are unique among the elements, and all lanthanides possess markedly 

similar properties. Lanthanide ions mostly exists in trivalent state i.e, Ln
3+

 (Ln
III

) as their 

most stable oxidation state.  The series of these astounding elements commence with 

lanthanum (atomic number 58) to end with lutetium (atomic number 71), possessing two 

different types of ground state electronic configuration of Ln atoms: [Xe] 4f
n-1

5d
1
 6s

2
 (for 

lanthanum, cerium, and gadolinium) and [Xe] 4f
n
 5d

0
 6s

2  (for praseodymium, neodymium, 

promethium, samarium, europium, dysprosium, holmium, erbium, thulium, and ytterbium). 

Since, lutetium has 14 4f electrons therefore its only possible configuration is [Xe]4f
14

5d
1
6s

2
. 
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For terbium, the two configurations [Xe]4f
9
6s

2
 and [Xe]4f

8
5d

1
6s

2
 are energetically close to 

each other so terbium can adopt either one. The electronic configuration for Ln
III

 ions is [Xe] 

5d
0
 6s

0
4f

n  ; n = 0–14. So, one electron goes from 5d/4f and two electrons from the 6s shell. 

Lanthanide ions correspond to the progressive filling of 4f electron shells.
3
 However, this first 

4f shell is actually placed inside the fully filled 5s
2
 and 5p

6
 and empty 5d

0
 and 6s

0
 shells in 

case of Ln
III

 ions. (Xe electronic onfiguration: 1s
2
 2s

2
 2p

6
 3s

2
 3p

6
 3d

10
 4s

2
 4p

6
 4d

10
 5s

2
 5p

6
). 

The lanthanides’ 4f
n
 electronic configurations are split by electronic repulsion and spin–orbit 

coupling, leading to a rich energy-level pattern. Moreover, the electrons in 4f shell are 

shielded from the surroundings by the filled 5s and 5p shells and therefore their optical 

transitions are least influenced by the external environment. The unique combination of these 

features are the key to their unique spectroscopic properties, subsequently making them very 

attractive for numerous applications. 

1.1.2. Lanthanide luminescence 

 

Most of the luminescent organic molecules emit light without change in spin state i.e. 

S1 to S0 termed “fluorescence process” (as shown in scheme 1), and thus generally possess 

relatively small Stokes shift and is typically short-lived (usually several nanoseconds). 

Alternatively, “phosphorescence process” involves change in spin state i.e S1 to T1 by 

intersystem crossing (ISC) followed by T1 to S0. Since, singlet-triplet processes are spin 

forbidden, the phosphorescence is long lived (usually in milliseconds).  

However, luminescence in trivalent lanthanide ions involve electronic transitions from 

redistribution of electrons within 4f subshells. Thus, the luminescence from Ln(III) ions 

originates from 4f–4f transitions, which are often sharp in appearance. The 

intraconfigurational 4f–4f transitions are formally forbidden, and thus possess very low molar 
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extinction coefficients (ε) (< 10 M
-1

cm
-1

, but very often less than 1 M
-1

cm
-1

) which limits the 

direct excitation.
3,4

  Although the electric dipole selection rule forbid f-f transitions, but can 

be partially relaxed by several mechanisms as reflected in scheme 1. These involve change in 

symmetry around the metal ion by coupling with vibrational states. The other important 

mechanism which cause a breakdown of the selection rules are the mixing with opposite-

parity wavefunctions, such as 5d orbitals (f-d transitions), ligand orbitals or charge transfer 

states.
5
 The coupling between these vibrational and electronic states and the 4f wavefunctions 

depends on the strength of the interaction between the 4f orbitals and the surrounding ligands; 

but since the 4f orbitals shielded, the degree of mixing and thus the oscillator strengths of the 

f–f transitions remains quite small.
4
 As a consequence, the indirect excitation by ligand, 

antenna or sensitizer is used to yield high luminescence, where ligand absorbs the light and 

transfers energy to the 4f excited state via a mechanism that often involves the triplet (T1) 

state of the sensitizer (Scheme 1).
6
 As a consequence of this mechanism the Stokes shift in 

lanthanide activated systems is much larger than simpler organic systems. The three main 

processes of electronic transitions involved in lanthanide ions are 4f-4f, f-d, and charge 

transfer which are denoted as (1), (2) and (3) in scheme 1.
7
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Scheme 1: Simplified model for describing a common mechanism for lanthanide 

luminescence:  types of electronic transitions in lanthanide activated compounds (4f-4f (1), f-

d (2), charge transfer (3), inter-band (4), inter-lanthanide (5); abs: absorbance, fluor: 

fluorescence, phos: phosphorescence, ET: energy transfer, LMCT: Ligand to Metal charge 

transfer, MLCT: Metal to Ligand charge transfer). 



The other electronic transitions involved in lanthanide activated compounds are inter-

band transitions and inter-lanthanide transitions (scheme 1). Inter-band transitions, also said 

as band to band transitions are the transition that occurs from the valence band (VB) to the 

conduction band (CB) of the host crystal (detonated as (4) in scheme 1). These transitions 

overlaps with the 4f
N
–4f

N
 transitions for low band gap hosts, such as oxides or chlorides. An 

electron is excited from the top of the valence band across the band gap to form an exciton 

state at energy Ex. These transitions provide information on the fundamental absorption 

threshold and the location of the mobility edge or conduction band bottom.

ligand/antenna Ln3+

LMCT

MLCT

Absorbance Emission

(1)

(2)

(3)

(4)
(5)
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When two lanthanides are simultaneously present an inter-lanthanide electron transfer is 

possible (detonated as (5) in scheme 1). One lanthanide acts as a donor and the other as an 

acceptor.
7,8

 

Although all the above mentioned transitions are exhibited by lanthanide ions, the 

luminescence in lanthanide ions is mainly characterized and explained by three types of 

electronic transitions: 

(1) Intra-configurational 4f–4f transitions 

All the transitions are not permitted and the allowed transitions are described by 

selection rules. Laporte’s parity selection rule implies that the same parity electronic states 

cannot be connected by electric dipole (ED) transitions; as a consequence f–f transitions are 

forbidden by the ED mechanism. However, when the lanthanide ion is under the influence of 

a ligand-field, non-centrosymmetric interactions allow the mixing of electronic states of 

opposite parity into the 4f wavefunctions, which somewhat relaxes the selection rules and the 

transition becomes partially allowed; it is called an induced or forced electric dipole 

transition. Magnetic dipole transitions are allowed, but their intensity is weak. 

Intraconfigurational 4f-4f transitions are sharp and quite narrow as 4f shells are shielded from 

their surroundings by the filled 5s
2
 and 5p

6
 orbitals.

5
 

(2) Inter-configurational 4f-5d transitions 

These transitions are corresponds to promotion of a 4f electron into the 5d sub-shell 

which is parity allowed. The corresponding transitions are broader than f–f transitions 

because the 5d electrons are unshielded and hence greatly influenced by their surroundings. 

Their energy largely depends upon the metal environment since the 5d orbitals can interact 

directly with the ligand orbitals. The 4f-5d transitions possesses high energy.
3
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(3) Charge transfer transitions 

Ligand to Metal (LMCT) and Metal to Ligand charge transfer (MLCT) both 

transitions are allowed. The energy of these transitions is very large, and they usually appear 

in UV region at wavelengths near to 250 nm. These types of transitions are widespread in d-

transition metal ion.  In practical applications, LMCT transitions are mostly used in lamp 

phosphors for instance to pump energy into Eu
3+

 or Tb
3+ 

ions. 

1.2.  Lanthanide based luminescent materials 

 

Startling interest for lanthanide based luminescence materials is stimulated due to the 

continuous expansion in the need for luminescent materials meeting the stringent 

requirements in wealth of applications in wide field of sciences. Lanthanide activated 

compounds includes lanthanide complexes, metal organic frameworks (MOF’s), lanthanide-

doped glasses, ceramics, polymers, semiconductors, inorganic materials etc. Although, a clear 

distinction in the classes of lanthanide activated compounds as luminescent materials is not 

well defined, but some kinds of the lanthanide based compounds are mentioned in Figure 2 

and explained briefly. 
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Figure 2: Various kind of lanthanide activated compounds. 

 

1.2.1. Lanthanide complexes: 

 

These are the class of luminescent materials, wherein the complexes of lanthanide 

ions are formed by coordination of lanthanide ions with organic ligands. The development of 

luminescent lanthanide complexes were aimed at protecting the lanthanide ions luminescence 

from non-radiative decay due to presence of quenchers as water molecules, molecular 

vibrations etc., and thus enable their luminescence in aqueous and biological media. The 

lanthanide complexes are prepared by introducing the lanthanide ion to the chemically 

synthesized organic ligand or chromophores and consequent complex formation takes place 

either readily in the solution itself or upon some activation energy. Since, trivalent lanthanide 

ions possess large ionic radii and high coordination number i.e, 8-10,
9
 thus they strongly 
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binds to the ligands which also shield and protect the lanthanide ion against quenching and 

also their coordination chemistry differs from common transition metal complexes. The 

ligands/organic chromophores also enhances the effective absorption cross-section, 

consequently first absorbs the incident light and transfers to the lanthanide ion via 

intermolecular energy transfer as explained above in figure 1. The presence of these intensely 

absorbing chromophores (ligands/antenna) increases overall brightness of the lanthanide 

complexes by enhancing its extinction coefficient. This metal-centered intense luminescence 

in lanthanide complexes were discovered by Weissman.
10

 He described this phenomenon for 

the europium (III) complexes of salicylaldehyde, benzoylacetone, dibenzoylmethane, and 

meta-nitrobenzoylacetone. Since, the mechanisms of the energy transfer from the organic 

ligand to the lanthanide ion were investigated in the early 1960s, many lanthanide complexes 

were prepared and studied. Lanthanide complexes can be formed by the chelation of 

lanthanide ions with many different classes of ligands for example cryptates, podands, 

calixarenes, carboxylic acids, macrocyclic ligands, β-diketones, heterobiaryl ligands, 

carboxylic acid derivatives, terphenyl ligands, pyridines, proteins, etc.
11,12

 

In general, there are two types of lanthanide complexes. The first type of complex, is 

wherein the chelate/ligand backbone itself serves as both the coordination site for the 

lanthanide ion and also the sensitizer, to absorb light and consequently transfer energy to the 

bound lanthanide ion. Some of the examples of this type of complex include cryptands, β-

diketone, terphenyl-based compounds, pyridine derivatives. In the second type of lanthanide 

complexes, the chelate that coordinate to the lanthanide ion and the reactive 

antenna/sensitizer are separate components. Polyaminocarboxylate chelates such as Eu
3+

 and 

Tb
3+

 complexes of cs124-DTPA, cs124-DOTA, cs124-TIHA are some of the examples of 
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this type of lanthanide complex. 
13

In these complexes, DTPA or DOTA acts as multidentate 

chelates to tightly binds to lanthanide ion, shield it from quenching and act as scaffold for 

attachment of antenna molecule carbostyril-124 (cs124). The organic chromophore cs-124, 

serves as an antenna or sensitizer, which absorbs the excitation light and transfers the energy 

to the lanthanide ion. Structures of some of the lanthanide complexes are shown in Figure 3. 

 

 

 

 

 

(a) (b)

carbostyril 124
antenna

amine or thiol
reactive group

DTPA backbone(c) (d)
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Figure 3: Examples of visibly luminescent lanthanide complexes for near-UV excitation. 

Clockwise starting from top left: (a) Eu
3+

 cryptate, (b) Eu (1,10-phenanthroline)-tris(4,4,4-

trifluoro-1-(2-thienyl)butane-1,3-dionate), Eu(TTA)3phen, (c) β-diketonate complex, (d) 

cs124-DTPA-Tb, (e) Eu
3+

 Terpyridine and (f) an azatriphenylene-functionalized DOTA 

complex.  

 Lanthanide complexes have potential as the active component in chelate lasers, FRET 

based sensing probes, luminescent probes for cell imaging, organic light emitting diodes 

(OLED’s) etc.
14,15

 Thus, intense research has been going on in the field of luminescent 

materials based on molecular lanthanide complexes. However, lanthanide complexes have 

overcome the drawback of weak light absorption of lanthanide ions, but they are susceptible 

to photobleaching under intense and continuous excitation, thus suffers from poor 

photostability. Lanthanide complexes may also exhibit long term toxicity by leaching of Ln
3+

 

ions and a low labelling ratio of Ln
3+

 per biomolecule.  

 

(e) (f)
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1.2.2. Ln
3+ 

-doped glasses, ceramics and polymers: 

For lasers and optical amplifiers applications, such materials are needed that have 

transparency in spectral region where light generation and amplification takes place. Glasses, 

ceramics and crystals have potential to meet these requirements. Lanthanide-doped glass-

ceramic materials have well interest in the technological point of view due to its versatility 

regarding the possibility of a wide doping concentration and the narrow lines emission 

spectra of the lanthanide ions, when compared with transition elements. Since, in lanthanide 

ions 4f electrons are shielded by outer 5s and 5p orbitals, the positions of the 4f energy level 

are hardly dependent on the host lattice and they remain almost the same as for the free-ion. 

These properties are interesting for the development of new materials in lighting 

applications.
16
 In such luminescent crystals materials, the ‘‘activating’’ lanthanide ions 

replace a small fraction of the ions of the host crystals. Glasses are usually fabricated by 

homogeneously mixing the precursor materials, melting them at high temperatures, cooling 

the melt to vitrify the material, followed by an annealing step before cutting and polishing. 

Glasses can be either doped with lanthanide ions, or lanthanide ions can be integral part of 

the glass forming composition. Fibers can be drawn from glass, and Er
3+

-doped glass fibers 

have long been used as amplifier units in fiber optic cables for telecommunications, as they 

can be used to amplify optical signals. The glass system provides a homogeneous host with a 

high solubility of the optically activated lanthanide ions. Various lanthanide ions (Eu
3+

, Tb
3+

, 

Yb
3+

, Er
3+

, Tm
3+

, Pr
3+

, Nd
3+

, Sm
3+

 etc.) can and have been embedded in the different glass 

matrices such as fluorides, oxide, tellurites, silicates, phosphates, aluminophosphates, halides, 

and chalcogenide glasses, some of the examples includes; Eu
3+

 doped germanotellurite 

(NZPGT) glasses, Li2O–BaO–Al2O3–La2O3–P2O5 glasses, Eu
3+

, Dy
3+

: SrAl2O4 glass, Er
3+

-
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doped aluminum fluorophosphate glasses, Nd
3+

: Yttrium aluminium garnet (YAG) 

(Y3Al5O12), Tb: oxynitride (Si-Al-O-N) glass etc.
17–21

 Similarly, ceramics are also 

predominantly used in lasers, optical telecommunication applications for example Nd:ThO2-

Y2O3 ceramics, Nd:YAG ceramics, Eu, Dy: SrAl2O4 glass ceramics, etc.
22,23

  In the same way 

lanthanide ions are either coordinated or doped into the polymer matrix, and also lanthanide 

complexes are doped into the polymers. Such lanthanide activated polymers finds potential 

applications in optical fibers, lasers and amplifiers. Polymers forms the flexible matrix for 

lanthanide doped films or fibers. Polymethylmethacrylate (PMMA) is the most common and 

widespread polymer which easily forms thin films and often used for designing various 

optical materials. For instance, Yb
3+ 

ions inserted into PMMA thin films and TPPO 

(triphenylphosphine oxide) adduct of Er
3+

 pentafluorobenzoate co-polymerized with 

PMMA.
24

 Recently, LnMOFs are embedded into the polymer, that can lead to novel 

transparent organic–inorganic hybrid materials, which can find potential applications in the 

field of optical devices such as lenses, filters and polarizers.
25

 Lanthanide complexes such as 

Eu tris-(4,4,4,-trifluoro-1-(2 thenoyl)-1,3-butenedione) (Eu(TTFA)3) and (Tb(TTFA)3) 

complexes are also doped into the PMMA.
26

 Glasses, ceramics and polymers are thermally 

stable and mechanically strengthened materials for lighting applications. 

1.2.3. Ln
3+

-
 
doped nanoparticles “nanophosphors” 

Inorganic hosts such as glasses and crystals have less effective non-radiative 

deactivation channels for excited lanthanide ions than do molecular hosts. Ln
3+

-doped NPs 

are composed of a stable inorganic host and Ln
3+

 emitters embedded in the host lattice, thus, 

are expected to be more photostable. For biological and several new material applications it is 

important and need to have objects with the luminescent properties of inorganic phosphors 
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but with sizes of several nanometers and with similar solubility and physicochemical 

behaviour. Such Ln
3+

-doped ‘‘nanophosphors’’ are currently under active development. As 

compared to Ln
3+

-chelates, inorganic Ln
3+

-doped nanocrystals (NCs), exhibits many 

technical advantages such as higher resistance to photobleaching, more luminescent ions in a 

single NC-label, more flexibility for bioconjugation, and desirable surface modification, 

simultaneously as preserving the spectroscopic properties of Ln
3+

 

luminescence.
27,28

Specifically, the rigid inorganic lattice of Ln
3+

-doped NCs is able to protect 

the dopants from luminescence quenching by high-energy vibrational groups, thus facilitating 

intense luminescence from almost all the emitting Ln
3+

 ions.
29

 Moreover, the rigid lattice 

prevents leaching of Ln
3+

 ions rendering the Ln
3+

-doped NCs considerably less toxicity. 

Another important feature of Ln
3+

-doped NCs is that, by judicial selection of two or more 

lanthanide dopants (Eu
3+

- red, Tb
3+

/Er
3+

- green, Dy
3+

/Tm
3+

- blue emissions) and host, 

multicolor labeling and white emission for sensing and white LED’s can be achieved. 

Moreover, via successive photon absorption and energy transfer between Ln
3+

 dopants, anti-

Stokes upconverting luminescence, a non-linear process can be generated in Ln
3+

-doped NCs. 

Some of the pioneering researches in field of Ln
3+

-doped rare earth phosphors are mentioned. 

Earlier, the studies and development of phosphors were limited for their lasers and display 

applications. In early 1967, yellow emitting Ce
3+

-activated Y3Al5O12 phosphor was 

developed for cathode-ray tubes, especially for color television.
30

 Later, in 1989 W.T. carnall 

had studied in detail and analysed the optical spectra of lanthanide ions doped into the single 

crystal LaF3. 
31

They also established correlations between the experimental transition energies 

and the computed level structures. Till the end of 1990’s, bulk or single crystals of phosphors 

were studied and majorly used in lighting applications. But, owing to their unique optical 
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properties these also promise for other new applications, thus research turned toward 

nanophase synthesis and dispersible phosphors. Most lanthanide ion-doped nanoparticles are 

made in high-temperature procedures leading to particles without organic groups on the 

surface and therefore they have no dispersibility in solvents. In 2002, Veggle et al have 

prepared Ln
3+

-doped LaF3 nanoparticles with good dispersibility in organic solvents.
32

 In 

2006, Veggle again developed water soluble amine functionalized luminescent LaF3:Ln
3+

 

nanoparticles for imparting biological activity.
33

 Subsequently, many studies progressed 

towards the synthesis of uniform, monodispersed crystals, their morphology tuning by 

varying synthesis parameters and studying their optical properties. Yang et al, in 2007 

prepared series of NaREF4 (RE = Y, Pr–Nd, and Sm–Yb) nanocrystals with multiform 

morphologies and studied shape evolution under varied synthesis parameters.
34

 Thereafter, a 

good deal of Ln
3+

-doped multifunctional hybrids materials were developed for broad range of 

applications including bioimaging, sensing, biomedical diagnostics, solar cells, security 

printing etc. 

1.3. Structure and strategies for enhancing luminescence of rare earth phosphors 

 

In general, the structure of phosphors consists of a suitable host and the lanthanide 

dopants as activator and sensitizer. The selection of host material and dopant combination is 

essential to achieve bright luminescence from phosphors. 

1.3.1.  Host lattice 

 

The selection of suitable host material is essential in preparation of lanthanide ion-

doped phosphors for attaining the favorable optical properties such as high luminescence 

efficiency and controllable emission profile. The ideal host lattice should exhibit lattice 
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match, low phonon energy, wide band gap, high refractive index and chemical stability
35

 

(Figure 5).  

1. Lattice match: The host materials generally require close lattice match with dopant 

lanthanide ion. Since, all trivalent rare earth ions possess similar ionic size and chemical 

properties, thus their inorganic compounds are considered to be ideal host materials for 

luminescent lanthanide dopant ions. In addition, ions such as Ca
2+

, Na
+
, Sr

2+
, and Ba

2+
 also 

exhibit close ionic size to lanthanide ions that prevents the formation of crystal defects and 

lattice stress. Therefore, inorganic compounds containing these ions are also frequently used 

as host materials. Few semiconductor materials such as ZnS, CdS, TiO2, BaTiO3, etc have 

also been proposed to be a host lattice, but in these host systems it is still debatable that, 

whether lanthanide ions remains at periphery or embedded homogenously into the lattice due 

to large lattice mismatch of ionic size between host and dopant ion.
36

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Criteria for an ideal host matrix for enhanced luminescence of lanthanide ions. 
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2. Low phonon energy and wide band gap: Low phonon energy of host lattice is required 

to minimize the non-radiative decay and maximize the radiative emission. The low phonon 

energy and wide band gap of host lattice enhances the luminescence efficiency of lanthanide 

dopant ions by reducing the multiphonon non-radiative relaxation process. Multiphonon 

relaxation can rapidly depopulate the upper excited state and therefore readily quench 

luminescence.
37

 The multiphonon relaxation rate constant knr is described as below for 4f 

levels of lanthanide ions:
38

 

       (  
  

     
) 

where, β is an empirical constant of the host, ∆E is the energy gap between the populated 

level and the next lower-lying energy level of a lanthanide ion, and hωmax is the highest 

energy vibrational mode of the host lattice. The energy gap law implies that the multiphonon 

relaxation rate constant decreases exponentially with increasing energy gap, subsequently 

enhancing radiative transition and luminescence.
38

 

3. High refractive index and high chemical stability: The refractive index (R.I) mismatch 

of the host (phosphor particle) and the surrounding medium should be minimum. The large 

refractive index mismatch between the host and surrounding medium may lead to high 

reflectance losses of emitted light at particle-surrounding medium interface, which can result 

in reduced optical efficiency. Keeping Fresnel reflection law in mind, typically the 

reflectance loss is supposed to be minimum if refractive index of host is greater the 

surrounding medium (air/water). If the R.I of host is low, the portion of emitted light that is 

back reflected is most likely reabsorbed. Even of some portion of the reabsorbed light is re-

emitted, another fraction of the reabsorbed portion is lost through non-radiative emissions. 
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Consequently, the high reflective loss leads to significant reduction of emitted light from the 

light-emitting phosphor. Similarly, the host is required to be chemically stable to retain the 

dopant ions without perturbing its emission. 

Apart from above mentioned criteria, charge compensation and structure of crystal 

lattice are important too. Upon incorporation of dopant ion, the host must maintain the charge 

neutrality to prevent crystal defects. Morever, the distance between the lanthanide ions in the 

host lattice should be appropriate to render efficient energy transfer.  

1.3.2.  Dopant system 

 

The lanthanide ion dopants are incorporated into the inorganic host crystals are the 

localized luminescence emission centers. By doping different lanthanide ions, the phosphors 

can emit strong down-conversion (DC) or up-conversion (UC) luminescence. Although the 

luminescence is theoretically expected from all the lanthanide ions, but lanthanide ions such 

as Eu
3+

, Tb
3+

, Dy
3+

 are common efficient DC emitters and Yb
3+

: Er
3+

, Tm
3+

, Ho
3+

 are known 

to be efficient UC emitters. The two main considerations while choosing dopant ions are: 

1. Ionic size: The ionic size of dopant ions should be close to the host ions. Different 

sized dopant ions could dramatically influence the crystal field splitting and coordination 

environment of lanthanides via contraction or expansion of host lattice (Figure 6).
39
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Figure 6: Crystal lattice contraction (left) and expansion (right) as a result of the substitution 

of a host atom with a dopant of varied size. 

2. Dopant concentration: Lanthanide-ion doping is host lattice is always accompanied 

by the formation of crystal defects such as interstitial cation and anion occupation and 

vacancy to maintain the charge neutrality.
39

 Thus, to maintain the single crystal phase of the 

host lattice the dopant concentration has to be controlled strictly. Moreover, the higher 

concentration of dopant ions leads to clustering and consequent radiationless deactivation and 

cross-relaxation among the neighbouring dopant ions resulting in luminescence quenching. 

Thus, lower dopant concentration is favourable to prevent luminescence quenching. 

 

 

 

 

 

 

 

 

 

Figure 7: Effect of dopant concentration and size on host lattice: interstitial occupation by a 

small atom (right) and combination of substitution and interstitial occupation (left). 

Host atom dopant
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The lanthanide ions can be singly doped or co-doped into the host lattice and resulting 

luminescence can be achieved by direct excitation (upon single doping) or indirect excitation 

(co-doping), respectively. The dopant system consists of an activator or combination of 

activator and sensitizer.
36

 

1.3.2.1.  Activator: 

 

An activator is a foreign dopant ion which when integrated into a host lattice gives 

rise to a center which can be excited to luminescence. The lanthanide dopant ion is excited by 

desirable excitation wavelength, it absorbs and excite from its ground state to the higher 

excited state and consequently emit radiatively. If within one ion energy gaps between three 

or more subsequent energy levels are very close enough to facilitate photon absorption and 

subsequent energy transfer steps, useful emission can be generated. Lanthanide ions such as 

Er
3+

, Eu
3+

, Tm
3+

, Tb
3+

, Ho
3+ 

typically possess ladder like energy levels, are thus frequently 

used activators. 

The below figure 8 shows the schematic representation of a phosphor which contains 

an activator. The activator creates a center which absorbs excitation energy and converts it 

into visible radiation.  
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Figure 8: Schematic diagram representation of (a) the role in the luminescence process of the 

activator (A) doped in a host (H) lattice and (b) energy level diagram of the activator A and 

the emission mechanism of photoluminescence under excitation. 

1.3.2.2. Sensitizer 

 

The sensitizer is a dopant ion which when incorporated in host lattice is capable of 

transferring its excitation energy to the neighboring activator dopant ion. In certain instances, 

the lanthanide activator ion with the desired emission does not exhibit a significant 

absorption cross-section in the available excitation region. In such circumstances, to increase 

the absorption of lanthanide-doped phosphors, the materials are often additionally doped with 

strongly absorbing ions called sensitizers, which absorbs the excitation energy and transfer 

efficiently non-radiatively to the activator ion, which can emit its characteristics 

luminescence (Figure 9). In the sensitized luminescence, the dopant ion radiates upon its 

excitation to a higher energetic state obtained from the non-radiative transfer of the energy 

from another dopant ion. Thus, the ion that emits the radiation is called an activator, while the 
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donator of the energy is the sensitizer. Ce
3+

, Gd
3+

 and Yb
3+

 are common UV and NIR 

sensitizers, respectively.
40

  The sensitizer content is normally kept high in doubly or triply 

doped nanocrystals so that to maximally absorb excitation energy and transfer to activator 

ion, while the activator content is relatively low, to minimize the cross-relaxation energy 

loss.
35

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Diagrammatic representation of the role in the luminescence process of a sensitizer 

(S) and its relationship to an activator (A) and the host lattice (H). 

 

1.4. Classification of rare earth phosphors based on emissive transition pathways 

 

The primary forbidden nature of intra-4f transitions in lanthanide ions yields metastable 

energy levels of lanthanide ions, which favors the occurrence of sequential excitations in 

excited states of a single lanthanide ion as well as it permits favourable ion-ion interactions in 

excited states to allow energy transfers between two or more lanthanide ions.
41

 According to 

the involved transition pathways, the luminescence process of Ln
3+

 ions and their 

corresponding Ln
3+

-doped phosphors are broadly classified into three main categories: 1) 

Down-conversion, 2) Down-shifting and 3) Up-conversion phosphors.  
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1.4.1. Down-conversion 

 

Down-conversion process is a conventional Stokes type process where one high 

energy photon is converted to two or more lower energy photons as depicted in Figure 10 (a). 

Thus, in Ln
3+

-doped down-conversion phosphors, material is excited by high energy photons 

(shorter wavelength) and emit two or more lower energy photons (longer wavelength).
42

    

1.4.2. Down-shifting 

 

Downshifting process also feature Stokes emission like down-conversion where 

excitation with high energy is required, with only an important difference is that only one low 

energy photon is emitted from absorption of one high energy photon as depicted in Figure 10 

(b).
43

 

1.4.3. Up-conversion 

 

Up-conversion is anti-Stokes emission process, in which two or more low energy 

excitation photon is converted to one high energy photon through sequential absorption of 

multiple photons or energy transfer steps as depicted in Figure 10 (c).
44

 The Ln
3+

-doped up-

conversion phosphors, are the materials where the material is excited by low energy light 

(longer, usually NIR wavelength), and it emits the high energy light (shorter, usually visible 

wavelength). 
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Figure 10: Energy diagrams showing photon absorption and subsequent down-conversion, 

downshifting, and up-conversion. 

1.4.4. Mechanism of down- and up-conversion emission 

 

Down-conversion was theoretically suggested first by Dexter in the 1950s
45

 and then 

after 20 years later it was shown experimentally using the praseodymium (Pr
3+

) ion-doped 

yttrium fluoride (YF3).
46

 Pr
3+

 ion-doped yttrium fluoride was excited by 185 nm which was 

absorbed by the host, and its energy is transferred into the 
1
S0 state of the Pr

3+
 ion, from 

where two photons are emitted at 408 and 620 nm in a two-step process (
1
S0→

3
PJ at 408 nm 

followed by 
3
PJ→

3
F2 at 620 nm).

46
 In this way a single absorbed high energy photon results 

in the emission of two visible photons and the quantum efficiency was found to be higher 

than unity as mentioned in section 1.4.1. In nutshell, down-conversion is an linear, Stokes 

emission process, mechanism of which involves the absorption of high energy photon by an 

optically active material, resulting in conversion to low energy photon i.e the emitted 

wavelength is greater that the incident wavelength as depicted by figure 11. Based on their 

unique and rich energy level structure as discussed in section 1.1.2., lanthanide ions are 

promising candidates to realize efficient down-conversion luminescence process. 

 

Down-conversion Down-shifting Up-conversion
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Figure 11: Schematic illustration of down-conversion (DC) process. 

 Up-conversion refers to non-linear optical, anti-Stokes emission process and is 

characterized by the conversion of long-wavelength radiation, for instance infrared or near 

infrared (NIR) radiation, to short-wavelength radiation, usually in the visible range. Notably, 

the general concept and a landmark experiment to witness upconverted visible emission was 

first recognized, formulated and reported by Francois Auzel in 1966. It was based on energy 

transfer between two lanthanide ions through the use of Yb
3+

 to sensitize Er
3+ 

and Tm
3+

.
47

 

Unlike two photon absorption and second harmonic generation, photon up-conversion 

features sequential rather than simultaneous absorption of two or more photons via 

intermediate long-lived energy states followed by emission of light at shorter wavelength 
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than the excitation wavelength. There are three main processes causing up-conversion 

emission in rare earth-doped materials, viz. excited state absorption (ESA), energy transfer 

up-conversion (ETU), and photon avalanche (PA) processes. All are based on the sequential 

absorption of two or more photons.
48

 

1.) Excited state absorption (ESA): The principle of ESA was proposed by 

Bloembergen in 1959.
49

 ESA involves the successive absorption of two photons in one single 

ion. The first photon absorption process occurs at the energetic ground state (G) to enter in 

intermediate excited state and is induced by a resonant photon (ground state absorption 

(GSA)). It leads to the population of the metastable and long-lived E1 state. The second 

resonant absorption promotes the ion from E1 to the higher excited state E2, from which the 

emission occurs corresponding to the E2 →G transition. 

2.) Energy transfer up-conversion (ETU): Unlike ESA process, the principle of ETU is 

based on energy transfer between two adjacent ions. The ETU process involves a sequential 

absorption of two photons that transfer energy from an excited ion (sensitizer or donor) to 

another neighboring ion (activator or acceptor). Each of two ions is excited via GSA to its 

metastable E1 state. Thereafter, the excited state energy is transferred non-radiatively (by 

resonant energy transfer) to the adjacent activator ion (also in the E1 state). The 

sensitizer/donor ion relaxes to its ground state G while the activator/acceptor ion is promoted 

to the excited state E2. This is followed by an emissive transition E2→G again. ETU is by far 

the most efficient process, but the dopant concentration that determines the average distance 

between the neighboring dopant ions has a strong influence on the UC efficiency of an ETU 

process. 
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3.) Photon avalanche (PA): Photon avalanche, is more complex than the first two and 

only occurs when the pump photon intensity reaches a critical level. The phenomenon of PA 

was first discovered by Chivian and co-workers in Pr
3+

-based infrared quantum counters. In 

the first step, weak non-resonant GSA occurs, followed by a resonant ESA at one ion which 

thus is promoted to energy state E2. A cross-relaxation energy transfer to an adjacent ion in 

its ground state results in both ions occupying E1. Further resonant ESA and cross-relaxation 

energy transfers exponentially increase the population of E2 and eventually it acts as 

reservoir for energy such that avalanche of ion population takes place at E2. Therefore up-

conversion emission intensity also increases exponentially. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Principal UC processes for lanthanide-doped crystals: (a) excited state absorption, 
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(b) energy transfer up-conversion, (c) photon avalanche. The dashed/dotted, dashed, and full 

arrows represent photon excitation, energy transfer, and emission processes, respectively. 

1.5. Various host matrices: “Fluoride Hosts Preferred”  

 

Upto now, various host matrices have been used for different lanthanide ions. Few of 

them are listed in Figure 13, which includes oxides, hydroxides, phosphates, 

vanadates;orthovanadates, tungstate-molybdates, nitrides;oxynitrides, sulphides, halides, 

fluorides; oxyfluorides, borates, aluminates etc. Among these host matrices, heavy halides 

like chlorides, bromides and iodides generally exhibit low phonon energies of less than 300 

cm
-1

. However, they are sensitive to moisture, thus of limited use. Oxides, phoshates present 

the desired chemical stability, but conventional oxygen based systems exhibit relatively high 

phonon energies generally larger than 500 cm
-1 

due to the strong metal-oxygen stretching 

vibration of the host lattice. In comparison, fluorides usually exhibit low phonon energies (~ 

350 cm
-1

) due to high ionicity of fluorine compared to other halides and oxides. Fluoride 

lattices permits high coordination numbers for hosted lanthanide ions. Moreover high ionicity 

of the rare earth-to-fluorine (RE
3+

- F
-
) bonds leads to wide band gap and low phonon 

energy.
50

 Fluorides also exhibits high chemical stability, and thus are often used as the host 

materials for lanthanide ion- doped phosphors. 
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Figure 13: Various host matrices used for different luminescent lanthanide ion-doped 

phosphors. 

1.6. Why β-NaYF4 is so special? 

 

Among various host matrices mention above, rare earth fluorides including binary 

REF3 and complex AREF4 (RE=Rare earth, A=AlKali) have been considered as an excellent 

rigid host matrix for luminescence of various lanthanide ions, because of some distinct 

advantages of low phonon energy, high refractive index, wide band gap and high chemical 

stability.
51

 Among the investigated fluorides, ternary metal fluoride NaYF4, has been 

demonstrated to be one of the most efficient host lattices for down-conversion (DC) and up-

Oxides

ZnO, 
Y2O3

TiO2, 

ZrO2

BaTiO3

CaMoO4

Phosphates

LaPO4

YPO4

CePO4,NdPO4,,TbPO4, 
GdPO4, LuPO4

Vandates

YVO4

GdVO4

Fluorides

CaF2, 
SrF2,BaF2

LaF3, CeF3

LiYF4,NaLuF4, 
NaGdF4,NaYF4

BaGdF5,BaYF5

Oxy-
fluorides

YOF

LuOF

LaOF

Chlorides

LaCl3, 

TmCl3 YCl3

KPb2Cl5

Sulfides

ZnS, 
CdS,CaS, 

SrS, 
SrGa2S4, 
Y2O2S

SrGa2S4

Aluminates

Y3Al5O12

SrAl12O19

CaAl2Si2O8

Nitrides

CaSiN2

CaAlSiN3

Sr2Si5N8
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conversion (UC) phosphors, thus has attracted tremendous attention in the field of material 

sciences.
52

 The sodium yttrium fluoride (NaYF4) is deemed to be most promising due to its 

relatively low phonon energy as compared to popularly used host matrices for phosphors as 

listed in Figure 14.
53–56

 

 

 

  

 

 

 

 

 

 

 

 

Figure 14: Table of selected lattice phonon energies of commonly used matrices for Ln
3+

 

doping. 

Moreover, NaYF4 possess wide band gap (~ 8 eV)
57

  and high refractive index (n= ~ 

1.5)
58

 which is beneficial to enhance the luminescence of lanthanide ions as described in 

section 1.3.1. It is well demonstrated that the crystals of NaYF4 exist in two polymorphic 

forms of phase structures namely: cubic (α-NaYF4) and hexagonal (β-NaYF4) system, 

depending on the synthesis conditions and methods. The α-NaYF4 is high-temperature 

metastable, while β-NaYF4 is thermodynamically stable phase.
59,60

 The cubic phase α-NaYF4 

Host matrix Highest phonon 

energy ( ~ cm-1)

phosphate glass 1200

silica glass 1100

Chalcogenide glass 400

fluoride glass 550

LaPO4 1050

YAG 860

NaGd(WO4)2 900

YVO4 600

LaF3 400

NaYF4 360

NaGdF4 350

LiYF4 570

LaCl3 240
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is transformed to hexagonal phase β-NaYF4 under high temperature heat treatment and long 

aging time. To date, hexagonal phase β-NaYF4 is regarded as better and efficient host lattice 

than the cubic α-NaYF4 for the luminescence of various optically active lanthanide 

ions.
61,62

1The high efficiency of luminescence in the hexagonal form is due to its multisite 

character of the crystal lattice.
63

 The high luminescence efficiency of hexagonal phase β-

NaYF4 is due to its crystal structure, which is explained in the next section.  

1.7. Crystal structure of β-NaYF4 : The reason why is hexagonal phase β-NaYF4 

more efficient than the cubic α-NaYF4 

The crystal structure of cubic phase sodium yttrium fluoride α-NaYF4 with space 

group Fm3m is a derivative CaF2 fluorite type contain one type of high-symmetry cation site 

with the Ca
2+

 sites (4a) randomly occupied by Na
+
 and RE

3+
 ions in the cationic sublattice. 

The nearest-neighboring ions around Y
3+

on site 4a are 8 F־, and the second-nearest-

neighboring ions are 6 Na
+
 and 6 Y

3+
.The crystallographic symmetry for Y

3+ 
ions on site 4a is 

Oh (Figure 15a). In contrast, the crystal structure of hexagonal phase β-NaYF4 with space 

group P63/m consists of an ordered array of F־ ions with three types of relatively low-

symmetry cation sites selectively occupied by Na
+
 and RE

3+
 ions:a one-fold site occupied by 

RE
3+

 (1a), another nine-fold coordinated site occupied randomly by ½ Na
+
 and ½ RE

3+
 (1f) 

which is coordinated by nine nearest-neighboring F־
 
ions in the shape of a tricapped trigonal 

prism and 2 Na
+ 

and 6 Y
3+

 in the second-nearest-neighboring shell, and a six-fold coordinated 

site occupied randomly by Na
+
 and vacancies (2h) on third kind of site. Sites 1a and 1f both 

have C3h symmetry, whereas site 2h has Cs symmetry. 
64–66,51
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The optical transitions of Ln
3+

 dopants are sensitive to their local coordination, and 

the emission intensity of Ln
3+

-based compounds strongly depends on the crystal structure and 

crystal-field (CF) surroundings around Ln
3+

.
64

 

The hexagonal phase β-NaYF4 crystal structure is said to more efficient than the cubic 

α-NaYF4 because of following probable reasons: (1.) The selective occupation of Na
+
 and 

RE
3+

 ions at low symmetry cationic sites of β-NaYF4 results in significant electron cloud 

distortion of the cations to accommodate the structural change.
65

  (2.) Relatively low 

symmetry of β-NaYF4 can easily accommodate the lanthanide ions (Ln
3+

) with small lattice 

variations which provides a flexible framework for multidopants for highly efficient 

luminescence.
67

  (3.) The asymmetrical crystal field that is lower crystal symmetry of β-

NaYF4 structure around Ln
3+

 ions greatly increases the probability of electric dipole 

transition thus enhancing the luminescence efficiency.
68

  (4.) The limiting feature of reduced 

luminescence efficiency of cubic NaYF4 is due to the random distribution of  Na
+
 and RE

3+
 in 

the lattice. While, an highly ordered cation distribution in the hexagonal lattice minimize 

energy loss channels by non-harmonic phonon modes due to strong coupling of distorted 

electron cloud at low symmetry sites with lattice.
69

  The symmetry of spectroscopic sites for 

the Ln
3+

 dopants was observed to deviate from that of the crystallographic sites. Based on the 

microscopic model of disorder, upon Ln
3+

 ion doping into the α-NaYF4 , the local site 

symmetry of each subset of Ln
3+

 will be reduced from Oh to Cs. In β-NaYF4 the local site 

symmetry of all Ln
3+

 subsets will descend from C3h to Cs.
64

 The significant change in the 

observed spectral patterns for Ln
3+

-doped in α -NaYF4 and β -NaYF4 crystals is exemplified 

in Figure 15. The sharp and distinct spectra can be clearly observed in β-NaYF4 as compared 

to α-NaYF4.
70

 



Chapter 1                                                              Introduction 
 

Preeti Padhye Page 33 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Schematic illustration showing the breakdown of the crystallographic site 

symmetry of Eu
3+

 in (a) α-NaYF4 and (b) β-NaYF4 crystals. As induced by Ln
3+

-doping for 

the disordered Y/Na site, the original crystallographic site symmetries of Oh in (a) and C3h in 

(b) are distorted to Cs and Cs, respectively, as exemplified by the significant change in the 
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observed and theoretical predicted spectral patterns for Eu
3+

 -doped into (c) α -NaYF4 and (d) 

β-NaYF4 crystals. 

1.8.  Properties of rare earth doped nanoparticles 

1.8.1. Optical properties 

 Lanthanide ion-doped luminescent inorganic materials are tremendously undergoing 

widespread investigations in many fields of material and bio-sciences due to their superior  

physicochemical and optical properties. Moreover, these are considered to be an better 

alternative to conventional organic fluorophores, proteins and quantum dots which suffers 

from photobleaching, toxicity, broad emission profiles, interference of background noise, etc. 

In contrast, lanthanide ion-doped luminescent materials possess following optical and 

physicochemical features: 

1.8.1.1. Unique optical features 

The intricate optical properties of lanthanide ions originates from unique feature of 

their parity forbidden electronic transitions within [Xe] 4f
N 

(N = 0-14) electronic 

configuration.  

1.) Emissive transitions in broad spectral region: This unique electronic structure 

involving radiative intra 4f and 4f-5d trasitions, enables Ln
3+

 as excellent luminescent centres 

in inorganic crystals to emit photons efficiently in a broad spectral region covering from UV 

(e.g., Gd
3+

 and Tm
3+

) to visible (e.g., Eu
3+

,Tb
3+

, Dy
3+

 and Sm
3+

) and NIR (e.g., Nd
3+

, Yb
3+

, 

Ho
3+

 and Er
3+

) as represented in Figure 16.
40,71
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Figure 16: Emissive transitions of the Ln
3+ 

ions covering from near-UV to near-IR range. 

2.) Low sensitivity to surrounding environment: As discussed in section 1.1.2, Since 

the 4f orbitals are shielded by completely filled 5s
2
5p

6
 subshells the energy levels of Ln

3+
 are 

well defined and show least sensitivity to their surrounding chemical environments.  

3.) Sharp and narrow emission spectra: Due to shielding, the intra 4f–4f transitions of 

Ln
3+

 in lanthanide ion-doped inorganic crystals typically inherit the feature distinct set of 

sharp and narrow emission peaks, with a typical full width at half maximum (FWHM) 

smaller than 10 nm due to weak electron-phonon coupling.
27

 The sharp emission peaks can 

provide distinguishable spectroscopic fingerprints for accurate interpretation of emission 

spectra in the event of overlapping emission spectra, which is very useful for multicolor 

biolabeling. 

4.) Long luminescence lifetime: Owing to the fact that these transitions are theoretically 

parity forbidden, lanthanide doped-nanoparticles possess remarkablely long luminescence 
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lifetime of the excited states in range of several micro to milli-seconds compared to the 

lifetime of organic fluorescent probes (∼1 ns).
27,72

  This feature is able to effectively suppress 

the short-lived background interferences such as scattered lights and autofluorescence when 

measuring the long-lived PL of Ln
3+

 by setting an appropriate delay time and gate time, 

which thus offers a signal with a remarkably high signal-to-noise ratio (Figure 17).
73

 

 

 

 

 

 

 

Figure 17: The measurement principle of the time-resolved luminescence detection 

technique based on long lived photoluminescence on Ln
3+

 ions. 

5.) Large Stokes and anti-Stokes shift: Lanthanide ion-doped luminescecnt materials 

also possesses large Stokes and anti-Stokes shift of greater than 200 nm, which further 

eliminates the background and auto-fluorescence and are highly beneficial in biosensing and 

imaging applications. In addition, up-conversion nanoparticles exhibiting anti-Stokes shift are 

excited in the near-infrared allows deeper tissue penetration as well as prevents photodamage. 

 

 

Short-lived background fluorescence

Long-lived Ln3+ luminescence
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Figure 18: Schematic illustration showing large stokes shift in trivalent lanthanide ions. 

 

Apart from above mentioned characteristics, these possess low toxicity, high 

resistance to photobleaching and facile functionalization capability. Moreover, these also 

exhibits low intermittency due to discrete energy levels and due to the steady-state emissions 

from multiple ions in a single paricle.
74

 The above mentioned unique optical features arise 

from their electronic transitions within 4f
N
 electronic structures and these optical transitions 

and electronic energy level diagrams of trivalent Ln
3+

 ions are understood and expressed in 

terms of term symbols and Dieke energy level diagram. 

 

 

 

 

Stokes shift for Ln3+
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4fn

Configurations
Central field

(electrons in field
of the nucleus)

4f6

Eu3+

4f5 5d

Terms 2S+1L
Coulombic field

(mutual repulsion 
of electrons)

J-Levels 2S+1LJ

Spin-orbit coupling
(coupling between 

spin and orbital 
angular momentum)

Sublevels
Stark levels

(crystal field)

Coulombic
interactions

Spin-orbit 
coupling

Crystal field
splitting

0
1
2
3
4
5
6

103 cm-1

5D

5L

2 x 104 cm-1

5FJ J=

5D0

5D1

5D2

5D3

5D4

7F

102 cm-1

1.8.1.2. Term symbols 

The occurrence of different energy levels belonging to a particular configuration is a result of 

several interactions within the ion. Depending on the number of electrons, the electrons are 

distributed over the seven 4f-orbitals. In Figure 18, the interactions that split up the levels 

belonging to the [Xe] 4f
n
 5d

0
 configurations are clarified, where the Eu

3+ 
ion has been taken 

as an example for the sake of understanding. 

 

 

Figure 19: The interactions leading to the different electronic energy levels for the [Xe] 

4f
6
5d

0
 configuration of Eu

3+
 (six electrons in the 4f orbitals). 
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The energy levels of free Ln
3+

 ions in 4f orbitals are determined by the Coulombic 

interaction and the spin-orbit coupling between f-electrons. The Coulombic interaction 

represents the mutual electron-electron repulsion within 4f shelland it is largest among the 4f 

electronic interactions. The Coulombic interaction generates the total orbital angular 

momentum (L) and total spin angular momentum (S) and yields terms with a separation in the 

order of 10
4
 cm

-1
. Further, the spin-orbit coupling makes the total angular momentum (J) of 

the f-electrons, consequently each of these terms is split into several J-levels by spin-orbit 

coupling, which is relatively large (10
3
 cm

-1
) in lanthanide ions because of their heavy nuclei. 

Each set of L, S, and J corresponds to a specific distribution of electrons within the 4f-shell 

and defines a particular energy level.
37,75,76

  

Thereby, the energy level of the free lanthanide ions are derived and labelled using 

the term symbols of 
2S+1

LJ according to their angular momentum and spin quantum numbers. 

Here, L refers to the total orbital angular momentum of the ion obtained by combining the 

orbital angular momenta of the individual electrons in the ion according to the Clebsch–

Gordan series. The left superscript 2S+1 represents the total spin multiplicity that is the 

number of possible orientations of the total spin of the ion where S is the total spin of the ion. 

The right subscript J refers to the total angular momentum of the f-electrons and is 

determined using the Russell–Saunders coupling scheme.
37

 

In the event when the lanthanide ion is present in a coordinating environment, such as 

a crystal or an organic ligand, the individual J-levels are split up further into stark levels by 

the electric field of the matrix, which is usually referred to as the crystal field. Although these 

may be used to gather information about the symmetry of the coordination environment, but 

often this splitting is ignored . 
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1.8.1.3. Dieke energy level diagram 

The first overview of the 4f
n
 energy level diagram of all trivalent lanthanides in the 

IR, visible and UV spectral region was given by G. H. Dieke in the 1960s.
77

 These diagrams 

are useful because the energies of the 
(2S+1)

LJ levels of lanthanide ions has least effect of 

crystal field/environment, thus exhibit almost negligible influence of the host lattice on the 

levels. Therefore, Dieke energy level diagram is universally applicable to trivalent 

lanthanides in any compound/chemical environment or new host. Figure 19 is representative 

Dieke energy level of the 4f
n
 configurations of trivalent lanthanide ions, slightly modified to 

mark the anticipated emitting states in the visible, near IR and UV region with red dots.This 

diagram has been experimentally extended up to ca. 70,000 cm
−1

, whereas theoretical 

determinations enable the description of 4f configurations up to ca. 200,000 cm
−1

.
78

 Dieke’s 

experimental data were largely gathered using the LaCl3 host. As this diagram developed in 

the 1960s, various interplay between measurements, theoretical models, and computational 

modeling of energy levels was studied and developed by different scientists. For an instance, 

W.T. Carnall and co-workers featured a important study of the spectra of trivalent lanthanide 

ions in LaF3 host. He performed a detailed comparison and analysis between the 

computational modelling using Hamiltonian parameters and the experimental data of 

LaF3:Ln
3+

.
31
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Figure 19: Energy levels of the 4f
n
 configurations of trivalent lanthanides (Ln

3+
). 
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The luminescent transitions of lanthanide ions are identifiably characteristic of the 

specific ion and as mentioned earlier the emission can occur in the UV, visible or NIR 

regions. The main luminescent transitions of lanthanide ions are listed in Figure 20.
4,6

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 20: Main luminescent transition in trivalent lanthanide ions. 

1.8.2. Magnetic properties 

 

Almost all trivalent lanthanide ions, except for La
3+

 and Lu
3+

, have unpaired f-

electron(s). Among them, although dysprosium (Dy
3+

) and holmium (Ho
3+

)
 
possess the larger 

magnetic moments due to spin-orbit coupling, but the asymmetry of these electronic states 

leads to very rapid electron spin relaxation. Gadolinium ion (Gd
3+

) presents relatively lower 

Ln3+ Ground state Emitting state Emission region

Pr 3H4
1D2, 

3P0,
1G4 Vis. ; Orange and NIR

Nd 4I9/2
4F3/2 NIR

Pm 5I4
5F1 NIR

Sm 6H5/2
4G5/2 Vis.; Orange

Eu 7F0
5D0 Vis.; Red

Gd 8S7/2
6P7/2 UV

Tb 7F6
5D4 Vis.; Green

Dy 6H15/2
4F9/2 Vis.; Yellow-orange

Ho 5I8
5S2, 

5F5 Vis. ; Green and NIR

Er 4I15/2
4I3/2

4I13/2 NIR

Tm 3H6
1D2, 

1G4, 
3H4 Vis. , NIR

Yb 2F7/2
2F5/2 NIR
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magnetic moment than Dy
3+

 and Ho
3+

 , but it possesses the highest number (seven) of 

unpaired f-electrons with parallel spin. More importantly and beneficially, Gd
3+

 possess 

slower relaxation rate due to the symmetric S-state of Gd
3+ 

and the the spin-relaxation time 

match the Larmor frequency of protons in suitable magnetic field, which is really beneficial 

for magnetic resonance imaging (MRI) applications.
79

 Therefore, Gd
3+

 ions and based 

compounds are most preferred for preparing T1 contrast agents in comparison with the rest 

paramagnetic Ln
3+

 ions. The Gadolinium(III) Chelates ; Gd-DTPA (DTPA = 

diethylenetriaminepentaacetic acid) have been approved by U.S. Food and Drug 

Administration as a clinical T1 contrast agent. Until now, many different types of gadolinium 

chelates have been approved for the clinical use. Although, gadolinium chelates are widely 

used as contrast agents in MRI however, these have very low body circulation time, due to 

their low molecular weight and fast diffusion, thus show drawback in contrast agent 

applications. They also provide very low local contrast, because each chelate has only one 

Gd
3+

 ion. To overcome these drawbacks, Gd
3+

-doped inorganic nanoparticles have been 

developed and this class possess distinct advantages such as (i) dramatic increase in the local 

Gd
3+

 ion concentration due to high number of paramagnetic atoms per unit of contrast agent, 

(ii) ease of functionalization without compromising Gd
3+

 binding, (iii) improvement in 

relaxivities and high specific signals, and (iv) control of targeting and clearance through their 

size.
80

 Thus, Gd
3+

-doped inorganic nanoparticles are receiving increasing attention as MRI 

contrast agents and molecular imaging probes. 
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1.9. Preparation of rare earth based nanoparticles 

 

The controlled synthesis of high quality, in particular pure phase, monodispersed, 

highly crystalline, Ln
3+

-based nanoparticles is essential to tuning their physicochemical 

properties and for exploring their extended potential applications in material and medical 

sciences. It is important to design and fabricate the desirable controlled phase structure, 

narrow size distribution, morphology, surface functionalization for aqueous/solvent 

solubility, and even the facets of nanoparticles. To date, a few chemical synthetic methods 

including thermal decomposition, hydrothermal/solvothermal method, ionic-liquid method, 

precipitation/coprecipitation, sol-gel method, microwave and microemulsion-assisted 

approaches, etc., have been developed. Some of the relative advantages and disadvantages of 

these methods are listed as below:
81–84
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It should be noted that the above mentioned processes are not mutually exclusive, and 

it is often that more than one method can be combined to produce nanopartcles. Among these 

synthetic routes, thermal decomposition and hydrothermal/solvothermal methods are the most 

popular and effective to prepare high-quality target nanoparticles. In the present thesis, we 

have used hydrothermal method for the synthesis  of Ln
3+

-doped NaYF4 crystals. The 

Synthesis method Advantages Disadvantages

Hydrothermal method •High quality crystals; high purity

•Controllable particle size, shape and 

high crystallinity

•Require relatively low reaction 

temperature

•Relative low cost and high yield

•Impossibility of observing the 

nanocrystal growth processes

Thermal 

decomposition

•Highly monodisperse

•Small size

•High uniformity

•High temperature conditions

•Require inert atmosphere 

protection

•Highly toxic precursors

•Require post synthetic process 

to introduce hydrophillicity and 

biocompatible coating 

Coprecipitation •Fast synthesis

•Mild reaction condition and Simple 

procedure

•Small particle size

•Low cost

•Lack of particle size control

•Poor crystallinity

•Considerable aggregation 

•High temperature calcinations

Sol-gel synthesis •Cheap precursors

•Relatively more crystalline

•Lacks size control and 

monodispersity

•High aggregation 

•High temperature calcination

Microemulsion •Narrow size distribution

•Homogeneity

•High degree of aggregation

•Require annealing at high 

temperature

Combustion •Scalable production method • Lack of shape control

Ionic liquid based •Green synthesis; non-flammable and 

non-volatile Capability for stabilization 

of metal cations; itself act as capping 

agent

•Lower monodispersity

•Expensive

•Less uniformity

•Broader size distribution
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hydrothermal/solvothermal synthesis refers to the preparation of nanoparticles with the 

superheated solvents at high temperatures (often above the critical point of solvents) and the 

concomitant high pressure in specialized reaction vessel autoclaves to provide the sealed 

reaction environment. The resulting nanoparticles exhibit excellent crystallinity, which is 

beneficial for efficient bright luminescence. 

1.10. Morphology tuning 

Shape control of nanocrystals is an significant objective in material/nanocrystal 

synthesis as different geometrical factors such as shape, dimensionality, and size of the 

particles can induce different optical, electronic, and catalytic properties. Surface energy of 

the particular facet of the crystal is the key factor in determining the morphology of the 

material. According to Gibbs-Wulff theorem, the shape of the crystals is determined by 

minimization of total surface energy for a given volume.
85,86

 The facets with higher surface 

energy will disappear and facet with lowest surface energy will be expressed in the final 

equilibrium morphology. The morphology of a crystal can also be explained in terms of 

growth kinetics; wherein the fastest growing planes should disappear to leave behind the 

slowest growing planes as facets of the product.
87

 The product often attains its particular 

equillibrium shape (Wulff polyhedron, octahedron) predicted by Wulff’s construction are the 

result of assumption valid strictly under inert gas or vaccum at 0 K.  The varied synthesis 

condions such as introduction of different capping agent, pH of solution, temperature etc 

leads to deviation from Wulff’s structure. This deviation is attributed to the fact that the 

surface energies for various factes in different synthesis conditions are being different from 

those in vaccum due to anisotropic interactions with capping agent, solvent and impurity.
88

 

Therefore, the introduction of appropriate reaction parameters into the reaction system can 
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change the free energies of the various crystallographic surfaces and thus alter their growth 

rates which eventually determines the morphology of the product. The precise architectural 

manipulation and morphology tuning of nanocrystals (NCs) with well defined morphologies 

and accurately tunable sizes remains a important research focus. The parameters which 

mainly affects the morphology of the inorganic crystals are listed below and represented in 

Figure 21. 

 

 

 

 

 

 

 

 

 

Figure 21: Parameters responsible for morphology tuning. 
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Morphology, size and crystal phase of the crystals in particular rare earth fluoride 

crystals can be controlled by tuning various parameters: 
65,68,89–93

 

 Effect of reaction temperature & time 

 Concentration of precursor 

 Fluorine Source 

 Effect of different dopants and concentration 

 Effect of various capping agents 

 pH of the solution 

 Ratio of precursor (rare earth) to fluorine (RE:F ratio) 

 

1.11.   Hybrids of rare earth phosphors 

 Lanthanide ion-doped phosphors stands dominant among various optically active 

materials owing to their unique and fascinating electronic and optical features. Their 

properties offer admirable prospects for designing new multifunctional materials with 

improved desired characteristics and high added value for specific targeted applications, and 

thus are opening exciting new directions in material sciences and related technologies. Also, 

it is evident that to realize even more opportunities for lanthanide ion-doped phosphors, the 

fabrication or tuning of their hybrid materials is required to acquire improved or 

multifunctional properties. This is highly desirable in the material sciences community for 

widespread application from optoelectronics to biomedicine, through to more or less all facet 

of human life.  

The strategy to prepare hybrid materials is to integrate or combine two or more 

different functional materials into a composite form while maintaining the beneficial aspects 
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of each constituent. The study of luminescent lanthanide based hybrid materials is not only of 

fundamental interest on their optical properties, but also for their promise of high potential 

for many different applications. We are briefing some of the important lanthanide ion-doped 

phosphors based multifunctional hybrid materials for different applications. These hybrids 

includes composites of Ln
3+

-doped phosphors with metal nanoparticles (Au/Ag), 

semiconductors (TiO2/ZnO), graphene, magnetic nanoparticles (Fe3O4), quantum dots etc.  

 

 

 

 

 

 

 

 

 

 

Figure 22: Various hybrids of lanthanide ion-doped phosphors for enhanced applications. 
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The integration of phosphors with other functional materials by chemical approaches, 

mainly includes surface modification and functionalization, core-shell processing and/or 

controlled assembly. Some of the Ln
3+

-doped phosphors based hybrids are briefly introduced 

below: 

1.11.1. Ln
3+

-doped phosphors-Plasmonic metal hybrid structures for luminescence 

enhancement and sensing applications:  

Plasmonic modulation is able to enhance the luminescence of the Ln
3+

-doped 

phosphor crystals by coupling it with gold or silver nanoparticles (NPs) at critical distance via 

forming metal shell/film or functionalization. Some of the examples mentioned are gold 

nanoshell coated NaYF4
94

, silver (Ag) nanoparticle (NP) embedded 

La2O3:Er
3+

/Yb
3+

 phosphor,
95

 metal-capped NaGd0.3Yb0.7F4:Er,
96

 NaYF4 : Yb
3+

,Er
3+

@Ag 

Core/shell Nanocomposites.
97

 The enhancement effect by the metal NPs may be attributed to 

two probable factors: (1) an substantial enhancement of effective excitation flux around 

lanthanide emitting ions caused by local field enhancement (LFE) associated with plasmonic 

resonance; (2) an enhancement of emission efficiency due to the coupling of the down/up-

conversion emission with the metal NP plasmonic resonance peak which will effectively 

increase both the non-radiative and radiative decay rate and consequent emission rate 

resulting in surface plasmon coupled emission (SPCE). SPCE can occur when the emission 

band of the phosphor overlaps with the plasmon resonance frequency of the metal 

nanostructures.
94–96,98

 The guiding principle is that the luminescence efficiency of the 

phosphors can be enhanced by tuning the SPR peak of metal nanoparicles resonant to the 

excitation/absorption and emission wavelength of the phosphors and appropriate distance. 
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These hybrid structures may also provide a potential platform for enhanced applications in 

biological imaging, photothermal therapy, sensing, and detection.
97,99,100

 

1.11.2. Ln
3+

-doped phosphors-Semiconductor hybrids for energy applications: 

The main constraint in improving the efficiency of energy conversion in solar cells 

and photocatalysis lies in the spectral mismatch between the energy distribution of photons in 

the incident solar spectrum and the bandgap of the photoactive semiconductor materials, most 

commonly TiO2 and ZnO. Owing to wide band gap of these semiconductors, can harvest only 

UV region (~ 5 %) and modified or doped semiconductors can extend to harvest upto visible 

region (~ 40 %) of solar energy, but still the most largest near-infra red portion (~ 50 %)  of 

clean and sustainable solar energy remains unutilized.
101

 Thus, to harvest complete solar 

spectrum Ln
3+

-doped phosphors-semiconductor hybrids  have been developed. Lanthanide-

doped materials are the prime candidates to achieve efficient spectral conversion due to their 

rich energy level structure that allows for facile photon management.
102

 Specially, composites 

of TiO2 with up-conversion materials are more popular, wherein, UC phosphors absorbs NIR 

and convert it to UV and visible light via anti-Stokes emission which is reabsorbed by 

photoactive TiO2 consequently harvesting complete solar spectrum and enhancing 

photocatalysis and solar cell efficiency. Some of the examples of such composites includes 

NaYF4:Yb,Tm/C-TiO2, NaYF4:Yb,Er/C-TiO2, Y2O3/YOF:Yb,Er/C-TiO2, LaF3:Yb/Er@TiO2, 

β-NaYF4:Yb/Er@SiO2@TiO2 composites.
101,102

 

1.11.3. Ln
3+

-doped phosphor-Magnetic material hybrids for multimodal imaging 

applications: 

Trivalent lanthanide ion doped nanoparticles are promising candidates as bioprobes in 

cell imaging due to their intriguing merits of luminescent properties as discussed in section 
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1.8.1.1. Although optical imaging provides excellent sensitivity for in vitro imaging, but still 

possess the shortcoming of low penetration depth and is incapable to obtain anatomical and 

physiological details in vivo. On the other hand, MRI provides an excellent spatial resolution 

and penetration depth for in vivo imaging, and provides detailed anatomical information, but 

suffers from limited sensitivity.
103

 The integration of potential benefits of MRI and optical 

imaging can bridge gaps in sensitivity and depth of imaging between these two modalities 

and offers the potential to overcome the current limitations of individual imaging. This 

stimulated a development of hybrid magnetic fluorescent nanoprobes as new approaches in 

medical diagnostics and also finds way for other various potential applications in medical 

diagnostics, drug delivery, bioseperation and theranostics.
104,105

 Some of the examples 

includes Fe3O4@NaYF4 : Yb,Er,
104

 core-shell Fe3O4@NaLuF4:Yb,Er/Tm
105

 etc 

1.11.4. Ln
3+

-doped phosphor-Graphene hybrids for electrochemiluminescence (ECL) 

based biosensing and energy applications: 

Carbon materials, such as carbon black, graphite, carbon nanotube, and graphene 

possess unique physical, optoelectronic and chemical properties. Specifically, graphene 

possesses high thermal conductivity, excellent mobility of charge carriers, large specific 

surface area, and good mechanical stability and thus have fascinated a huge interest for 

fundamental science and potential applications in various new optoelectronic devices, sensing 

and energy systems.
106

 The coupling of Ln
3+

-doped phosphor with graphene showed 

excellent and amplified electrogenerated chemiluminescent (ECL) intensity by taking 

advantage of the wonderful electrical conduction of graphene.
107,108

 Also the ECL based 

sensing application shares many superior advantages in analytical science, such as low 

detection limits arisen from the low background emission and simpler instrumentation.
107

 



Chapter 1                                                              Introduction 
 

Preeti Padhye Page 53 
 

Graphene also exhibit the capability to be used to fabricate a sensing platform with high 

sensitivity and robust operation while simultaneously minimizing cost for sensing of 

biomolecules.
109

 These composites can also enhance photocatalysis and solar cells 

efficiencies by improving the interfacial electron transport by the presence of graphene.
110

   

The other composites of Ln
3+

-doped phosphors with polymers, quantum dots (QDs), 

chalcogenides etc have also been studied. To name a few Ln
3+

-doped phosphor-QDs; 

NaYF4:Yb,Tm/CdS, NaYF4:Yb,Tm/CdSe,
111

 CdSe/NaYF4:Yb,Er
112

 have been studied for 

enhanced luminescence and further bioimaging applications. The polymer based 

ZnS:Cu,Mn/PDMS composite films have been studied for multicolor imaging.
113

 The 

transition metal chalcogenide based NaYF4:Yb,Er–MoS2 nanocomposites  for the infrared 

optoelectronic devices.
114

 In principle, these composite materials may possess superior 

mechanical, electrical or thermal properties, luminescent, magnetic, catalytic, and possess a 

better processability than the single system of phosphors in multifunctional application. 

1.12. Applications 

Owing to unique, beneficial and valuable optical and magnetic properties of 

lanthanide ion-doped down-conversion and up-conversion phosphors as discussed on 4.1.1 

and 4.3, lanthanide ion-doped have emerged to the forefront as promising  alternative 

materials in display devices, solid state lasers, light emitting devices, optical 

telecommunication, solar cells, catalysis, fluorescent labels for detection of biomolecules, 

sensing, cell-imaging, drug delivery, medical diagnostics, photodynamic therapy and security 

printing. The potentiality of lanthanide ion-doped phosphors for their applications has been 

discussed intermittently all over this chapter and prominently in section 1.2., 1.8. and 1.11. 

The overall picture of their applications are represented in figure below: 
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Figure 23: Various applications of lanthanide ion-doped rare earth phosphors. The 

highlighted brown outline are those ones which are upcoming and rarely explored 

applications. 

   2. Thesis outline 

In this thesis, we aim to address and study the tunable optical properties of trivalent 

lanthanide ion-doped rare earth fluoride phosphors and have investigated their energy and 

bioapplications. Efforts are dedicated to deliberate the Ln
3+

-doped rare earth fluoride, 

specifically NaREF4 system and to understand the effect of different dopants and dopant 

combinations, surface cappings, functionalization and their structural and optical properties 

and investigate various applications.  We have also modified the system by conjugation of 
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Ln3+-doped 
NaREF4 

phosphors

Tunable optical 
properties

Morphology 
tuning

Surface 
functionalization
and modification

Applications

drug molecules and other entities to make them suitable and efficient for and according to the 

need of targeted application. The schematic is represented below in figure 24. The present 

thesis mainly describes a detailed work on hexagonal phase Ln
3+

-doped rare earth fluoride 

systems; β-NaREF4:Ln
3+

 ; β-NaYF4:Tb
3+

, β-NaYF4:Gd
3+

,Tb
3+

 and β-NaGdF4:Yb
3+

,Er
3+

.  

 

 

 

 

 

 

 

 

Figure 24: Schematic representation of showing aim of the proposed thesis work. 

The second chapter describes the fundamental studies on synthesis and optical studies 

of highly crystalline, uniform and well defined multiform morphologies of β-NaYF4:Tb
3+ 

crystals. Their morphology tuning, effect of capping agents and other reaction parameters 

were studied in detail. Although, the as-prepared β-NaYF4:5% Tb
3+ 

crystals were highly 

luminescent, with long luminescent lifetimes, but were not suitable for bio-applications as 

limited by size and biocompatibility. In this viewpoint, in third chapter, we designed highly 

crystalline, biocompatible, PEI functionalized β-NaYF4:Gd
3+

,Tb
3+ 

nanorods system as 
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luminescent/magnetic multimodal cell imaging tool. We conjugated anticancer drug 

doxorubicin to β-NaYF4:Gd
3+

,Tb
3+ 

enabling them as a pH-triggered, site-specific drug 

delivery nanovehicle. We studied in detail their structural, optical, magnetic properties, 

cytotoxicity and cellular uptake mechanisms. It is expected that the as developed DOX-

conjugated β-NaYF4:Gd
3+

/Tb
3+

 system combining efficient luminescence, paramagnetic 

properties, and pH-triggered drug delivery, promises to be a potential multifunctional 

platform for cancer theranostics, biodetection and imaging. Further, since the development of 

multifunctional platforms for broad range of applications has geared tremendous progress 

towards the design and engineering of such functional materials possesing multiple discrete 

functions in single composites. Keeping the similar perspective, in fourth chapter, we 

developed single multifunctional platform by judicial integration of up-converting 

luminescent and magnetic β-NaGdF4:Yb
3+

,Er
3+

 and mesoporous anatase TiO2 ; β-

NaGdF4:Yb
3+

,Er
3+

/mTiO2 nanocomposite system, for enhanced energy and simultaneous 

biomedical applications. We studied structural, optical and magnetic properties of respective 

pristine and β-NaGdF4:Yb
3+

,Er
3+

/mTiO2 nanocomposite in detail. We also studied their 

potentiality for photocatalysis, solar cell, and MRI applications and discussed their 

mechanism. The concluding chapter six presents the brief summary of the results achieved 

during the thesis work. It also describes the future scope for the present research work. 
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Outline 

---------------------------------------------------------------------------------------------------------------- 

 

 

This chapter presents the fabrication of lanthanide ion-doped, single-crystalline 

hexagonal phase NaYF4 microcrystals with multiform morphologies, such as 

microrods, hexagonal microprisms, and spindle-like structures via cationic/anionic 

binary capping agents: CTAB and tri-sodium citrate-assisted hydrothermal route. 

The influence of synthesis conditions on the crystalline morphology was studied 

and the possible growth mechanisms are presented systematically. The down-

conversion and up-conversion photoluminescence (PL) properties of β-NaYF4: Ln
3+

 

(Ln=Tb, Yb/Er, and Yb/Tm) were investigated. The morphology dependent static 

and dynamic PL studies of β-NaYF4:5 % Tb
3+

 were performed that showed strong 

dependence of luminescent properties on the crystalline morphology. Furthermore, 

photocatalytic studies of β-NaYF4:5 % Tb
3+

 phosphors were investigated under UV 

as well as solar light irradiation, and that showed enhanced selectivity towards 

methylene blue. Moreover, the morphological effect on the photocatalytic activity 

of β-NaYF4:5 % Tb
3+

 crystals have also been studied. The high luminescence 

efficiency and strong photocatalytic activity of β-NaYF4:5 % Tb
3+

, make them a 

potential phosphor material and promises to provide a gateway into other 

applications as in biology and material sciences. 
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2.1. Introduction 

Due to their unique, tailored, optical properties, lanthanide ion-doped luminescent 

materials have attracted tremendous attention as phosphors, and thus possess potential wide-

ranging applications in diverse fields; as in display devices, solid state lasers, light emitting 

devices, optical telecommunication, solar cells, fluorescent labels for detection of 

biomolecules, cell-imaging, catalysis, and medical diagnostics.
1-5

 As discussed in chapter 1,
 

the unique photophysical properties of trivalent lanthanide-ions arise from electronic 

transitions within the parity forbidden 4f shell, which are shielded by filled 5s and 5p 

orbitals.
6,7 

This unique electronic configuration renders fascinating properties to these 

materials, such as narrow and sharp emission spectra, long luminescent lifetime, photo-

stability, large Stokes and anti-Stokes shift, non-blinking feature, and low autofluorescence. 

These characteristics of Ln
3+

-doped materials give them an edge over conventional organic 

fluorescent dyes or quantum-dots for various biological and non-biological applications.
8-11

 

To effectively utilize the novel luminescence of  Ln
3+

 ions, it is necessary to choose 

an appropriate host-lattice combination with low phonon-energy to minimize non-radiative 

losses.
12,13 

Among various classes of rare-earth compounds, such as oxides, fluorides, 

phosphates, vanadates etc., fluorides possess lowest phonon-energy (ca. 350 cm
-1

) of crystal 

lattice and wide bandgap.
14

 Among the investigated rare earth fluorides, NaYF4 possesses 

low phonon-                 
-1

) and wide band             .
15

 Consequently, NaYF4 is 

considered to be an excellent and most efficient host matrix for down-conversion (DC) and 

up-conversion (UC) processes. The crystal structure of NaYF4 exists in two polymorphic 

forms: cubic (α-) and hexagonal (β-) phases depending upon the crystal growth environment. 
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The cubic phase is a metastable phase and hexagonal phase (β-NaYF4) is thermodynamically 

stable phase.
16 

The hexagonal β-phase NaYF4 is considered a better host than α-NaYF4 for 

enhanced luminescence efficiency of various optically-active lanthanide-ions.
17,18  

The overall 

luminescence emission of the β-NaYF4 is ~ 4.4 times greater than those for α-NaYF4.
19 

Thus, 

it is desirable and important to synthesize hexagonal β-NaYF4 phase to achieve a brighter 

phosphor. 

In modern chemistry and materials science, the precise architectural manipulation of 

anisotropic crystals with well-defined morphologies and accurately tunable sizes remain a 

research focus and a challenging issue due to the fact that the physical, chemical, 

luminescent, magnetic, and catalytic properties of the materials are closely interrelate with 

geometrical factors such as shape, size, and crystalline facets as represented below in scheme 

1.
20,21,22 

Moreover, various properties of the materials often significantly vary for different 

crystalline facets, as demonstrated by our group previously.
23

 

 

 

 

 

 

 

 

 

Scheme 1: Interrelation of various properties of materials with their geometrical factors.  

 



Chapter 2                       Optical and photocatalytic properties of uniform, monodispersed, and highly crystalline 

up/down-converting, lanthanide ion-doped β-NaYF4 phosphor crystals with controlled multiform morphologies 
 

Preeti Padhye Page 67 

 

In the growth process of crystals, a series of external factors, such as reaction 

temperature, time, pH of precursor-solution, and organic additives drastically influence the 

shape-evolution of the crystals. A variety of organic additives and shape directing agents such 

as sodium citrate
24,25

, ethylenediaminetetraacetic acid (EDTA)
26,27

, cetyltrimethylammonium 

bromide (CTAB)
28

, oleic-acid
29,18

, and sodium dodecylbenzenesulfonate (SDBS)
30

 etc. are 

used to control and tune the crystallinity, and morphology of the anisotropic crystals. The 

capping agents get selectively adsorbed on certain crystalline facets, inducing anisotropic 

growth
31 

and the difference in the relative growth-rates of various crystal facets results in a 

diverse outlook of the crystallites. 

The mixed cationic/anionic surfactants represent an interesting binary capping agent- 

directed synthesis system by controlling the nucleation and growth via synergistic 

interactions of binary surfactant molecules with metals ions, as well as specific crystalline 

planes.
32 

Earlier studies have shown the successful use of such system in the shape control of 

semiconductors and metal nanocrystals.
33,34

 Highly uniform star-shaped and octahedral PbS 

nanocrystals
33

and single-crystalline gold nanobelts and nanocombs
34 

were formed in the 

presence of the cationic surfactant CTAB and the anionic surfactant sodium dodecyl sulphate 

(SDS). Rare-earth ion-doped hexagonal-phase NaYF4 nanowires were hydrothermally 

synthesized at the cooperative effect of sodium citrate with anionic surfactant sodium bis (2-

ethylhexyl) sulfosuccinate (AOT).
35 

Nevertheless, the effect of presence of both cationic 

CTAB and anionic trisodium citrate (TSC) surfactants together, and their optical studies is 

rarely explored. Moreover, these materials are expected to show photocatalytic properties, but 

only few reports of lanthanide ion-doped materials are known till date. Recently, the 
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photocatalytic activity of lanthanide-ion activated SrWO4 phosphors
36

 and CaMoO4
37 

nanocrystals have been studied. 

In this thesis, we studied the effect of binary capping agents on the formation of 

highly uniform, monodispersed, and single crystalline β-NaYF4:5 % Tb
3+

crystals with diverse 

architectures. We explored the influence of reaction temperature and pH of precursor solution 

on the morphology of the crystals and their growth mechanism. Additionally, morphology 

dependent luminescence properties of β-NaYF4: 5 % Tb
3+ 

were also studied. To the best of 

our knowledge, for the first time we investigated the photocatalytic properties of as-prepared 

β-NaYF4:5 % Tb
3+

 crystals under UV and solar irradiation. 

2.2. Materials and method 

2.2.1. Materials  

  All the chemicals were of analytical grade and used as-received without any further 

purification. Yttrium (III) nitrate hexahydrate (Y(NO3)3.6H2O)   u it  ≥ 99. 9% , and 

terbium(III) nitrate hexahydrate (Tb(NO3)3.6H2O    u it  ≥ 99. 9% , were purchased from 

Sigma Aldrich Inc. Sodium fluoride (NaF) and trisodium citrate dihydrate (Na3C6H5)7.2H2O 

were received from Thomas Baker chemicals Pvt. Ltd. N-cetyl-N,N,N,trimethyl ammonium 

bromide (C19H42BrN) was purchased from Loba Chemie Pvt. Ltd. Deionized  water was used 

throughout the experiments. 

2.2.2. Synthesis 

 All of the doping ratios of Ln
3+

 are molar in our experiments. In a typical procedure for 

the preparation of β-NaYF4:5% Tb
3+

 crystals, Y(NO3)3 and Tb(NO3)3 (0.2 M) were added 

into 30 mL of aqueous solution containing 2 mmol of trisodium citrate (0.5882 g) to form the 

metal-citrate complex. After vigorous stirring for 30 min, 0.1 M of CTAB and 2 M of NaF 
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were introduced into the above solution, respectively. After another agitation for several 

minutes, the solution was transferred into a stainless steel autoclave with Teflon liner of 80 

mL capacity, sealed and heated at 220 °C for 24 h. After that, the autoclave was cooled to 

room temperature, and the resulting product was separated centrifugally and was washed with 

distilled water and absolute ethanol. Then, the product was dried under vacuum at 60 °C for 8 

h. NaYF4:18 % Yb
3+

, 2 % Er
3+

 and NaYF4:18 % Yb
3+

, 2 % Tm
3+

 samples were prepared in a 

manner similar to that for NaYF4:5 % Tb
3+

 sample. Additionally, different hydrothermal 

treatment temperatures (150 °C, 190 °C and 220 °C, 24 h) and pH values (3, 7 and 11, 220 

°C, 24 h) were selected to investigate the effect of these factors on the morphology, structural 

and optical properties of the samples. The pH of the mixture was regulated at certain specific 

values by adding dilute ammonia solution or HCl. Furthermore, control experiments were 

done in the absence of CTAB or trisodium citrate (either in the presence of CTAB only or 

trisodium citrate only) respectively to investigate the evolutional process of morphology and 

structure. 

2.2.3. Characterization techniques 

The phase purity and crystallinity of the as-prepared samples were characterized by 

powder X-ray diffraction (PXRD) using   PAN l ti  l X’PERT PRO i st u   t   d th  

iron-filtered Cu-Kα   di tio   λ = 1.54 Å  i  th  2θ       of 10-80° with a step size of 0.02°. 

To analyze the shape and size of the samples, field emission scanning electron microscopy 

(FESEM: Hitachi S-4200) was done. Energy-dispersive X-ray analysis (EDXA) of the 

samples was performed during field emission scanning electron microscopy measurements to 

obtain the elemental composition of the samples. The specific structure details and 

morphology were obtained by using FEI Tecnai F30 high resolution transmission electron 
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microscope (HRTEM) equipped with a super-twin lens (s-twin) operated at 300 keV 

accelerating voltage with Schottky field emitter source with maximum beam current (> 100 

nA) and small energy spread (0.8 eV or less). The point-to-point resolution of the microscope 

is 0.20 nm and line resolution of 0.102 nm with spherical aberration of 1.2 mm and chromatic 

aberration of 1.4 mm with 70 m objective aperture size. The powder samples obtained were 

dispersed in ethanol and then drop-casted on carbon-coated copper TEM grids with 200 mesh 

and loaded to a single tilt sample holder. 

The optical properties of the as-synthesized samples were investigated by a Jasco UV-

vis-NIR (Model V570) dual beam spectrometer operated at a resolution of 2 nm. PL spectra 

were acquired using a Fluorolog Horiba Jobin Yvon fluorescence spectrophotometer, 

equipped with a 400 W Xe lamp as an excitation source and a Hamamatsu R928 

photomultiplier tube (PMT) as a detector. Lifetime measurements were carried by using an 

Edinburgh Instruments FLSP 920 system, having a 60 W microsecond flash lamp as the 

excitation source. Around 30 mg sample was mixed with one ml methanol, made into a slurry 

and spread over a quartz plate and dried under ambient conditions and introduced into the 

sample chamber of the instrument prior to luminescence measurements. The UC emission 

spectra were obtained using an ACTON SP2300 spectrometer attached to a PMT under 980 

nm CW diode laser excitations. The photocatalytic activity of β-NaYF4:5 % Tb
3+

 was studied 

by degradation of dyes in aqueous medium under UV light using a 400 W mercury lamp 

 λ=2   to 4      . All th     su     ts w       fo   d  t  oo  t      tu  . 
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2.3. Results and Discussion 

2.3.1. Structural and morphological investigations:  

 The composition, crystallinity and phase purity of the phosphors were first examined 

by XRD. Figure 1 shows, typical XRD patterns of the as-synthesized NaYF4: Ln
3+ 

(Ln= Tb, 

Yb/Er and Yb/Tm).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The XRD patterns for the as-prepared (a) NaYF4:5 % Tb
3+

, (b) NaYF4: 18 % 

Yb
3+

/2 % Er
3+

, (c) NaYF4: 18 % Tb
3+

/2 % Tm
3+

. 

 

 All of the three samples exhibit sharp diffraction peaks that can be indexed to pure 

hexagonal-phase β-NaYF4 (space group: P63/m). The full-width at half maxima (FWHM) 
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values of all the reflections are relatively small, suggesting larger crystallite size of the as-

prepared samples.  The calculated lattice parameters are a =5.9 Å, c =3.5 Å, which are in 

good agreement with the reported data (JCPDS no. 16-0334). No secondary phase is 

observed in the XRD patterns, revealing that Tb
3+

, Yb
3+

/Er
3+

 and Yb
3+

/Tm
3+

 have been 

effectively doped into the β-NaYF4 host lattice. The high crystallinity, as evident by the XRD 

patterns, is advantageous to the phosphors, as it translates in to less trap centers for photon 

emission and consequently stronger luminescence.  

 In general, doping of different lanthanide-ions does not affect the structures and the 

morphologies of β-NaYF4. Thus, here we studied the effect of external factors on the 

morphologies of β-NaYF4:5 % Tb
3+

 crystals. 

 

2.3.1.1. Effect of reaction temperature:  

Temperature plays a critical role in determining the crystalline phase and its 

morphology. Keeping all the other reaction parameters unperturbed, we investigated the role 

of the crystal-growth temperatures (150 °C, 190 °C and 220 °C, 24 h, pH=7) on the 

crystallinity of the β-NaYF4:5 % Tb particles (Figure 2) which coincides well with the 

JCPDS No. 16-0334. The noticeable feature was a large difference in the relative intensities 

of (100), (101), and (201) peaks, indicating the temperature driven preferential orientational 

growth.  
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Figure 2: The XRD patterns of β-NaYF4: 5%Tb
3+

 prepared at different temperatures (a) 150 

°C, (b) 190 °C, (c) 220 °C and the standard data of hexagonal β-NaYF4 (JCPDS- 16-0334) as 

a reference. 

The TEM and FESEM images, in Figure 3 (a) shows that, the β-NaYF4:5 % Tb
3+ 

crystals prepared at 150 °C are grown in nearly hexagonal shape and the size is quite 

polydispersed with average diameter ~ 2.7 μm and length ~ 3.1 μm. In comparison, the 

crystals grown at 190 °C (Figures 3 (b) & (g)) consist of hexagonal microprisms with perfect 
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uniformity, monodispersity, and well-defined crystallographic facets. In TEM image (Figure 

3 (b)), regular hexagonal and rectangular particles are observed, which correspond to 

hexagonal microprisms that are perpendicular and parallel to the copper grids, respectively. 

The mean diameter and length of particles is estimated to be ~ 2.5 μm and ~ 1.7 μm 

respectively. At temperature 220 °C (Figures 3 (c), 3 (h)), hexagonal microprisms with 

average diameter ~ 2.1 μm and length ~ 2.5 μm were observed, most of them were oriented 

parallel to the substrate. Moreover, both the tops and bottoms of these microprisms exhibit 

apparent deep concave centres while the side planes are relatively smoother (Figures 3 (c), 3 

(h)). This is because, the growth process occurs at the circumferential edge of each 

cylindrical β-NaYF4 seed.
38

 This also demonstrated that, in this current system, the higher 

temperature (i.e. from 190 to 220 °C) facilitate the longitudinal growth along the <001> 

direction and elevation in degree of concave structures at the top/bottom surfaces. As we 

mentioned earlier that, a comparison between the XRD patterns of the β-NaYF4:5 % Tb
3+ 

crystals grown at different temperature showed the variation in the relative peak intensities 

which provides further information on the crystal growth (Figure 2). However, the variation 

in intensity of XRD peaks can be affected by texturing effect. It should be noted that, the 

particles prepared at 150 °C are not discussed, because of their non-uniformity and 

polydispersibility, and thus the FESEM image is also not presented. Based on the above 

analysis, we reasonably believe that the hydrothermal reaction temperature has significant 

impact on obtaining the β-NaYF4 microcrystals with uniform morphology and size. 
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Figure 3: TEM images in the top row shows the influence of the synthesis temperature on the 

shape of β-NaYF4: 5 % Tb
3+

 crystals ((a) 150 °C, (b) 190 °C, (c) 220 °C). The middle row 

shows corresponding SAED patterns in the same order. The FESEM images in the bottom 

row shows, the change in morphology of β-NaYF4: 5 % Tb
3+

 crystals prepared at (g) 190 °C 

and (h) 220 °C. (i) Energy-dispersive X-ray analysis (EDXA) patterns of β-NaYF4: 5 % Tb
3+

 

crystals. 
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Further, the chemical composition of the β-NaYF4: 5 % Tb
3+

 crystals were 

characterized by EDXA analysis. As can be seen by Figure 3 (i), all the elements including 

Na, Y, F and Tb can be detected in the spectrum.    

2.3.1.2. Effect of pH 

Figure 4 compares, the typical XRD patterns of the β-NaYF4: 5 % Tb
3+ 

synthesized at 

different pH values- 3, 7, and 11 (temperature 220 °C) which could be indexed to pure 

hexagonal phase β-NaYF4, but the relative intensities of (100), (110), (101), (200), and (210) 

peaks are different from each other signifying the possibility of different preferential 

orientation growth under altered pH conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: The XRD pattern of β-NaYF4: 5 % Tb
3+

 at different pH values of solution (a) 

pH=3, (b) pH=7, (c) pH=11 and the standard data of hexagonal β-NaYF4 (JCPDS-16-0334) 

as reference. 
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 In Figure 5, the TEM images show the morphologies of the β-NaYF4: 5 % Tb
3+ 

crystallites, (grown at ~220 °C) as a function of pH values. It has been observed that at 

neutral pH, hexagonal microprisms were formed with average diameter ~ 2.1 μm and length 

~ 2.5 μm. While, the crystallites obtained at pH=3 are composed of microrods with chipped 

ends, having average length ~ 8.7 μm in and diameter ~ 1.1 μm. At pH=11, spindle-like 

structures were formed with the average length ~ 3.1 μm and diameter ~ 2.1 μm. The 

corresponding SAED patterns (bottom row, Figure 5) reveal that, the crystals are highly 

single-crystalline in nature.  

 

 

 

 

 

 

 

 

 

Figure 5: TEM images show the influence of pH on the shape of β-NaYF4: 5 % Tb
3+

 

crystals. (a) Prismatic microrods with chipped ends obtained at pH=3. (b) Hexagonal 

microprisms at pH=7. (c) Spindle-like crystals at pH=11. The images in insets show the zoom 

view of the corresponding FESEM images for the sake of comparison. (d, e, f) showing 

corresponding SAED patterns. 
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The detailed observations at various pH, was then shown by FESEM images in Figure 

6. A very little change in the morphology is observed at pH=9 and 10. On the other hand, the 

morphology remains almost unchanged at pH=5, while microrods start to form at pH=4. Our 

study on the effect of pH on morphology of NaYF4 crystals suggests that, the morphology 

remain unaffected in pH range 5 to 10, while morphology changes below pH=5 and above 

pH=10. The plausible reason for the modulation in morphology at varied pH is discussed in 

the next section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: FESEM images showing influence of pH on the shapes of β-NaYF4: 5 % Tb
3+ 

microcrystals.  
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2.3.2. Formation mechanism of multiform structures 

Here, we explain the growth mechanism of formation of hexagonal microprisms based 

on the cooperative effect of trisodium citrate (TSC) and CTAB. It is well known that the 

surfaces of a hexagonal prisms are typically {0001} for top/bottom planes and a family of six 

energetically equivalent {10 ̅0} prismatic side planes [(10 ̅0), ( ̅010), (0 ̅10), (01 ̅0), 

(1 ̅00), and ( ̅100)] as shown in Figure 7(a).
39 

It is widely accepted that, for hexagonal 

prismatic NaYF4 structures, the citrate ions adsorb at the {0001} facets and thus inhibits the 

growth at top/bottom planes.
24,25

 On the other hand, the detailed observation on the crystal 

structure of β-NaYF4
40

 (Figure 7(b)) revealed that, the density of Y
3+

 on {10 ̅0} plane is 

greater, which results in preferential absorption ability of Br
-
 ions of CTAB at the {10 ̅0} 

side planes, similar to the case of gold nanorod formation using CTAB as surfactant.
41,42

  

 

Figure 7: (a) The anisotropy of the β-NaYF4 crystal, and (b) schematic presentation of 

hexagonal phase β-NaYF4 crystal structure. 
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Based on FESEM observations and above studies, the formation mechanism of β-

NaYF4 hexagonal prisms is deduced as follows: In a typical hydrothermal process, trisodium 

citrate plays dual role of chelating as well as structure-directing agent. First, at the neutral pH, 

H3-nCit
n-

 ions exist as Cit
3-

 and so the chelation between Y
3+ 

cations and Cit
3- 

strengthens and 

thus forms steady Y
3+

-citrate complexes. This can be confirmed by the formation of white 

precipitates after the mixing of aqueous solution containing Y
3+

 and trisodium citrate at 

neutral pH. The strong Y
3+

-citrate complexes effectively render the slow nucleation and 

subsequent growth of crystal. Under the hydrothermal conditions, the Y
3+

 -citrate complex 

would be weakened and Y
3+

 ions would be released gradually. On the other hand, the 

released Y
3+

 combines with Na
+
 and F

- 
to generate NaYF4 nuclei. During subsequent growth 

stage, the presence of trisodium citrate inhibits the growth of {0001} facets at top/bottom 

planes with a relative enhancement of the growth sideways to some degree, whereas, the 

presence of CTAB tends to just mildly inhibit the {10 ̅0} side facets. This favors the 

formation of hexagonal microprisms with well-defined, smooth and sharp edges of prismatic 

side planes. Conversely, samples prepared by using only CTAB are rod-shaped and when 

only trisodium citrate is used, the product obtained are still hexagonal prisms; but the edges 

of prismatic side planes are comparatively not much smoother and sharper as obtained by 

using CTAB and TSC simultaneously, as shown by arrows in Figure 8 (A) and (B). 
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Figure 8.A: FESEM imaged of β-NaYF4:5 % Tb
3+

 crystals prepared using only (a) trisodium 

citrate, (b) only CTAB and (c) trisodium citrate together with CTAB. 

 

 

 

 

 

 

Figure 8.B: Magnified FESEM images of β-NaYF4:5 % Tb
3+

 crystals prepared using (a) 

trisodium citrate and CTAB both and (b) only trisodium citrate. Arrows indicating well 

define, smooth and sharp edges of prismatic side planes formed in presence of both trisodium 

citrate and CTAB in converse to relatively less smooth and sharp prismatic side plane, when 

prepared using only trisodium citrate. 

Further, the formation of microrods and spindle-like structures at varied pH are 

presented in Figure 9 (a-c) and is explained as follows: if the pH value of the solution is 

changed, the existing form of Cit
3- 

changes to HCit
2-

, H2Cit
-
, or H3Cit, and the chelation 

between H3-n Cit
n-

 and the Y
3+

 ions are affected. Moreover, at different pH values, the ability 
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of Cit
3-

 to adsorb on certain crystal facets is different from each other, leading to the 

differential growth rate of crystal facets, which results in the formation of anisotropic 

geometries.
20  

 

Figure 9: Schematic diagram showing the effect of pH (a-c) on the morphology of β-NaYF4. 

 

In acidic pH, Cit
3-

 anions are not able to bind selectively and effectively on {0001} 

facets, rather possibly bind to {10 ̅0} facets of growing β-NaYF4 crystallites, and therefore, 

allow the particles to grow along [0001] direction leading to the formation of 1-D prismatic 

microrods. It is worth mentioning here that, CTAB is known to play a role to form gold 

nanorods by binding at {100} and {110} planes in acidic pH.
43 

While in alkaline 

environment, the existent form of Cit
3-

 is not affected, rather Cit
3- 

ions adsorb strongly on to 

the {0001} surfaces and promote the growth more prominently along the side directions 

forming spindle-like structures. However, the effect of CTAB on crystal morphology at basic 

pH is not very clear to us. 
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2.3.3. Optical studies 

2.3.3.1. UV-visible studies 

The UV-vis absorption spectra of β-NaYF4:5 % Tb
3+ 

(Figure 10 (a)) shows a strong 

absorbance peak at ~ 253 nm, indicating large bandgap of β-NaYF4: 5 % Tb
3+ 

followed by a 

broad absorbance above ~ 400 nm onwards.  

Figure 10: (a) UV-visible absorption spectra and (b) tauc plot for the estimation of optical 

band gap energy of β-NaYF4: 5 % Tb
3+

. 

 

The optical bandgap was determined by Tauc plot as shown in Figure 10 (b). The 

bandgap for the as-prepared β-NaYF4: 5 % Tb
3+

 was calculated to be ~ 5.6 eV. Surprisingly, 

a new and strong energy level was observed, with an absorption edge at ~ 3.2 eV, which 

might be due to the Tb
3+ 

doping in the host lattice and a strong function of doping 

concentration.
44 
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2.3.3.2. Static and dynamic photoluminescence studies 

2.3.3.2.1. β-NaYF4:Tb
3+

 

 Owing to the non-existence of d-electrons in Y
3+ 

([Kr] 4d
0
) in

 
un-doped NaYF4, the 

probability of emission is negligible in the host matrix. Figure 11 compares, the excitation (a) 

and emission (b) photoluminescence spectra of microrods, hexagonal microprisms and 

spindle-shaped Tb
3+

 ion-doped NaYF4 crystals. It can be evidently seen that, in all the three 

samples the peak-positions in excitation and emission spectra remain similar, and the bands 

diff   o l  i  th i    l tiv  i t  siti s. Th   x it tio  s   t u   o ito  d  t λex=544 nm, 

consist of the characteristic f-f transition lines within the Tb
3+

 4f
8 

configuration. The 

excitation lines can be assigned to the transition from 
7
F6 ground state to the different excited 

states of Tb
3+

, so as at, ~ 288 nm (
5
I6), ~ 306 nm (

5
H6), ~ 321 nm (

5
D0), ~ 344 nm (

2
G3), ~ 

356 nm (
5
D2), ~ 372 nm (

5
G6), and ~ 383 nm (

5
D3), respectively. The obtained emission 

s   t    o ito  d  t λex = ~ 375 nm, yielded weak blue and intense green emissions in the 

regions of 400-450 nm and 480-680 nm respectively, which are due to the 
5
D3

7
FJ (J = 3, 4, 

5, 6) and 
5
D4

7
FJ (J = 3, 4, 5, 6) transitions of Tb

3+
 ions, respectively. Specifically, the 

emission bands at ~ 414 and ~ 436 nm are attributed to the emission transitions of 
5
D3

7
F5 

and 
5
D3

7
F4 respectively. Four prominent emission peaks centered at ~ 488, ~ 544, ~ 584, 

and ~ 619 nm, originates from the transitions of 
5
D4

7
F6, 

5
D4

7
F5, 

5
D4

7
F4, and 

5
D4

7
F3 

respectively.
45

 Among these transitions, the green emission 
5
D4

7
F5 at ~ 544 nm is the most 

intense emission, which corresponds to a magnetic dipole transition.  
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Figure 11: A comparison of static photoluminescence (a) excitation spectra at λem= 544 nm, 

and (b) emission spectra at λex= 375 nm of β-NaYF4: 5 % Tb
3+

 crystals with different shapes. 
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of hexagonal microprisms lies in between microrods and spindle-like structures. The 

difference in relative intensities might occur due to the difference in the effects of crystal 

field perturbation on individual f-f transition, as a consequence of the different morphologies 

and size of the samples.
46 

The other reason might be, the difference in surface area of 

different facets, as in an anisotropic material, the interaction with light and photon emission 

also get influence by the material crystallinity and exposed facets. Large surface area also 

introduces larger number of defects into the phosphor crystal. Defects may quench the 

luminescence intensity of phosphors by non-radiative recombination in electrons and holes. 

Thus, the phosphor with reduced surface area would show improved PL intensity.
47 

Herein, 

we believe that, the microrods possessed smallest and spindle-like structures possessed 

largest surface area based on results obtained by PL decay studies. Moreover, the SAED 

pattern of microrods in Figure 5 (d), showed highest crystallinity, thus lesser defects and 

highest luminescence intensity.   

 The PL decay curves for the luminescence of Tb
3+

 in β-NaYF4:5 % Tb
3+

 are shown in 

Figure 12. These curves can be well fitted by a single exponential function as I (t) =I0 exp (-

t/τ) where, I0 is th  i iti l   issio  i t  sit   t t= , τ is th  1/  lif ti   of th    issio     t  . 

The lifetimes for 
5
D4 were detected at 544 nm for 

5
D4→ 

7
F5 transition of Tb

3+
 by excitation at 

375 nm and were determined to be 4.39 ms, 4.10 ms and 4.09 ms for microrods, hexagonal 

microprisms and spindle- like structures respectively (Figure 12). The lifetime values and 

fitted parameters for different samples are listed in Table 1. The variation in luminescence 

lifetimes is consistent with that of emission spectra. Spindle-like structures showed lowest 

luminescence lifetime. This infers that, they possess largest surface area, because heavy non-

radiative transitions at larger surfaces lead to shortest luminescence lifetime.
48 

Consequently, 
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on the basis of lifetime dependence on surface area, we confirm that spindle- like structures 

possess largest surface area; tend to shortest luminescence lifetime and lowest luminescence 

intensity and the vice-versa for microrods. 

Table 1: Luminescence lifetime values of β-NaYF4: 5 % Tb
3+

 with different shapes. 

 

 

 

 

  

 

 

 

 

Figure 12: The luminescence decay curves for the 5D
4
7F

5
 emission of Tb

3+
 (λex=375 nm, 

λem=544 nm) in β-NaYF4:5 % Tb
3+

 with different morphologies: microrods, hexagonal 

microprisms, spindle-like structures. The fitted lifetime values are indicated inside the 

figures. 
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The varying luminescence intensities for different morphologies of β-NaYF4:5 % Tb
3+

 

are also represented by CIE chromaticity diagram as shown in Figure 14. The CIE coordinate 

values for the emission spectrum of β-NaYF4:5 % Tb
3+ 

are determined as x=0.2690, 

y=0.4692 (microrods), x=0.3256, y=0.5277 (hexagonal microprisms) and x=0.3091, 

y=0.4838 (spindle-like structures), located in the green region. 

2.3.3.2.2. β-NaYF4:Yb
3+

/Er
3+

: 

Figure 13 (a) shows, the up-conversion luminescence spectra of Yb
3+

, Er
3+

- co-doped β-

NaYF4 hexagonal microprisms, under 980 nm NIR laser excitation. The spectra display four 

distinct Er
3+

 emission bands. The emission peak at ~408 nm is assigned to transition from 

2
H9/2

4
I15/2. The emission peaks at ~521 and ~540 nm in the green region are assigned to 

transitions from 
2
H11/2 and 

4
S3/2 to

 4
I15/2. The red emission peak at ~655 nm results from 

4
F9/2 

to 
4
I15/2 transition. The CIE coordinate values for the emission spectrum of β-

NaYF4:Yb
3+

/Er
3+

 are determined as x=0.2805, y=0.6836, located in green region as shown in 

Figure 14. 

Figure 13: Up-conversion emission spectra of (a) NaYF4:Yb
3+

/Er
3+

 and (b) 

NaYF4:Yb
3+

/Tm
3+ 

hexagonal microprisms under 980 nm laser excitation. 

400 500 600 700 800

 

 

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

 NaYF
4
: Yb, Er

4
F

9/2

4
S

3/2

2
H

11/2

4
I

15/2

4
I

15/2

4
I

15/2

4
I

15/2

2
H

9/2

a

400 500 600 700 800

 NaYF
4
: Yb, Tm

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

 

 

3
H

6

3
F

4

1
G

4

3
H

43
H

6

1
G

4

3
F

4

1
D

2

b



Chapter 2                       Optical and photocatalytic properties of uniform, monodispersed, and highly crystalline 

up/down-converting, lanthanide ion-doped β-NaYF4 phosphor crystals with controlled multiform morphologies 
 

Preeti Padhye Page 89 

 

 

2.3.3.2.3. β-NaYF4:Yb
3+

/Tm
3+

: 

Figure 13 (b) shows the up-conversion luminescence spectra of Yb
3+

, Tm
3+

- co-doped 

β-NaYF4 hexagonal microprisms under 980 nm NIR laser excitation. The spectra show four 

distinct emission lines of Tm
3+

. The emission peaks at ~450 and ~646 nm are assigned to 

transitions from 
1
D2 and 

1
G4 to 

3
F4. The emission peaks at ~475 and ~804 nm are results from 

1
G4 and 

3
H4 to 

3
H6 transition. The CIE coordinate values for the emission spectrum of β-

NaYF4:Yb
3+

/Tm
3+

 are determined as x=0.1286, y=0.0840, located in blue region as shown in 

Figure 14. 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: CIE chromaticity diagram showing the emission colors for (a) β-NaYF4:5 % Tb
3+

 

at pH=7, (b) β-NaYF4:5 % Tb
3+

 at pH=11, (c) β-NaYF4:5 % Tb
3+

 at pH=3, (d) β-

NaYF4:Yb
3+

/Er
3+

, (e) β-NaYF4:Yb
3+

, Tm
3+

. 

(a)

(b)(c)

(d)

(e)
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2.3.4. Photocatalytic Studies 

2.3.4.1. Photoselectivity of β-NaYF4:5 % Tb
3+ 

phosphors 

Photocatalytic measurements were performed by exposing β-NaYF4: 5 % Tb
3+

 

phosphors to the irradiation of a 400 W mercury lamp (λ=200 to 400 nm). Because of the 

presence of broad absorption above ~400 nm onwards (Figure 10 (a)) and the additional 

inter-band energy level in β-NaYF4: 5 % Tb
3+

 as shown in Figure 10 (b) (discussed earlier in 

section 2.3.3.1.), it was tested for the photocatalytic properties under UV irradiation. 

The presence of inter-band energy level, accelerates the interfacial electron transfer 

process, and thus facilitates photocatalysis reaction in visible and ultraviolet light irradiation 

as demonstrated by Xie et.al., in CexTi(1-x)O2.
49

 To study the photoselectivity of β-NaYF4: 5 

% Tb
3+

 phosphors, we studied the degradation behavior of four different dyes namely, methyl 

orange (MO), methylene blue (MB), rhodamine B (RhB) and malachite green (MG).  

The sample suspensions were kept in dark overnight to reach the equilibrium. The UV-

visible absorbance spectra for degradation of different dyes using β-NaYF4: 5 % Tb
3+ 

are 

compared in Figure 15.  
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Figure 15: Photocatalytic selectivity of β-NaYF4: 5 % Tb
3+

 for different dyes: MG, MB, 

RhB, and MO, under irradiation of 400 W mercury lamp for 320 min. 

 

The degradation of dyes was observed through reduction in absorbance peak intensity 

with an increase in the irradiation time. The kinetics of the reaction was plotted as (C/C0) 

against time (t), where C0 is the initial concentration and C is the final concentration of 

different dyes (Figure 16 and 17). The characteristic absorbance peaks of MB, RhB, MO, and 

MG were fou d  t λ= ~ 662 nm, ~ 555 nm, ~ 463 nm, and ~ 617 nm, respectively, which 

were used as references for photocatalytic degradation for respective dyes. 
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Figure16: Plots of dye concentrations (C/C0) vs. time showing photodegradation of 

different dyes: (a) MG, (b) MB, (c) RhB, and (d) MO, under irradiation of 400 W mercury 

lamp for 320 min. 

 

Following the exposure, the degradation of all dyes was negligible in the absence of β-

NaYF4: 5 % Tb
3+

phosphors which are shown by the control dye analysis (Figure 16). The β-

NaYF4: 5 % Tb
3+

 phosphors degraded ~ 11 %, ~ 14 %, ~ 28 % and ~ 92 % of MO, MG, RhB 

and MB respectively within 320 min of UV irradiation (Figure 17). It is clear that, RhB 

degraded to some extent and MB decomposed dramatically during the irradiation period. 

However, the absorption lines of other two dyes MO and MG are hardly affected (Figure 17). 

One probable reason for selectivity for RhB is that, the emission of β-NaYF4: 5 % Tb
3+

 

locates in green region (540-570 nm) which overlaps with the absorption of rhodamine B. We 
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believe that, the highest selectivity for MB is might be due to its molecular structure. 

According to previous studies, –CH3 elimination and C-N cleaving can certainly occur in MB 

 ol  ul s vi  fo   tio  of OH˙ radical.
50 

 

 

 

 

 

 

 

 

 

 

 

Figure17: Plots of dye concentrations (C/C0) vs. time showing comparison of 

photodegradation of different dyes: MO, MG, RhB and MB with hexagonal prisms. 

 

In addition, we also investigated the photocatalytic activity of MB under sunlight 

irradiation, which showed ~ 80 % degradation efficiency (Figure 18). 
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Figure 18: Photocatalytic degradation of MB in presence of β-NaYF4: 5 % Tb
3+

 under solar 

light irradiation. Inset showing corresponding plot of (C/Co) vs. time. 

2.3.4.2. Mechanism of MB degradation 

The plausible mechanism involved in degradation of MB is as follows: Upon 

irradiation, the photon absorption leads to formation of a hole (h
+
) in the valance band and 

electron (e
-
) in conduction band.

51 
The hole oxidizes water molecules to produce hydroxyl 

radicals (OH
−
), whereas the electron in the conduction band reduces the oxygen adsorbed on 

the particles to ˙O
2-

. The active oxygen and radical species such as ˙OH
- 
and ˙O

2-
 degrade the 

MB dye molecules by directly cleaving the aromatic ring at azo bond and forming various 
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by-products such as carbon dioxide, water, nitrate, sulphate and ammonia
52

 as represented as 

scheme in Figure 19. 

  

Figure 19: Schematic representation for the photocatalysis mechanism of methylene blue in 

presence of β-NaYF4: 5 % Tb
3+ 

crystals. 
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2.3.4.3. Morphology dependence on photocatalytic properties of β-NaYF4:5 % Tb
3+ 

crystals 

Extensive studies on photocatalysts have demonstrated that, the size and shape of 

particles profoundly affect their activity as the photocatalytic reactions are typically surface-

based processes.
53 

These facts enthuse us to check-out, the morphology dependent 

photocatalysis studies of our samples. The photo-selectivity studies were performed with 

hexagonal prism-shaped crystals, and then the degradation of MB was compared with the as-

prepared microrods and spindle-like structures to study the morphological dependence on 

photocatalytic activity. The photocatalytic results as shown in Figure 20 indicate that, ~ 92 % 

of MB molecules degraded by hexagonal prism shaped crystals, while ~ 82 % and ~ 71 % 

MB dye degraded by spindle-like structures and microrods respectively in 320 min.  

 

 

 

 

 

 

 

 

 

 

Figure 20: Photodegradation of MB using β-NaYF4: 5 % Tb
3+

 with different shapes, under 

irradiation of 400 W mercury lamp. 
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Additionally, it is observed that although hexagonal prisms showed highest 

degradation after complete reaction, but in the initial and intermediate period, i.e. after 80 

min and 200 min, spindle shaped particles showed highest degradation (~ 64 % and ~ 75 %) 

as compare to hexagonal prisms (~ 21 % and ~ 64 %) and microrods (~ 53 % and ~ 57 %). 

The initial higher degradation by spindle shaped particles may be attributed to their larger 

surface area. From luminescence studies, we assume that spindle like structures have larger 

and microrods have smaller surface area. Moreover, FESEM images show the greater 

roughness of spindle like structures. Photocatalysis results are well consistent with PL and 

FESEM observations. The larger surface area and roughness of spindle like structures 

provide more catalytic active sites, thus showed greater degradation initially. This is because, 

it has been well documented that, larger surface area consist of low-coordinated atoms 

located in the defects such as edges, kinks, and vacancies which offers more active sites.
54

 

Microrods with lowest surface area showed lowest degradation performance. But at this 

stage, it cannot be fully understood that, why β-NaYF4: 5 % Tb
3+ 

hexagonal prisms showed 

highest degradation efficiency (~ 92 %) after complete reaction of 320 min. We believe that, 

this might be due to well-defined highly crystalline facets of hexagonal prism shaped crystals 

(Figure 5 and 6). It has been demonstrated that, the surface atoms of different facets have 

unique coordination environment and different surface energies yielding, different and 

distinct catalytic properties.
54
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Our group have also previously demonstrated the enhanced photocatalytic activity of 

{001} faceted BiOCl crystals.
55 

Therefore, the facets of hexagonal prisms with high surface 

energies might have exposed, that could have increased the number of catalytic active sites, 

which in turn, might have rendered enhanced photocatalytic degradation of MB. More 

interestingly, it has also been observed that, in case of degradation by microrods and spindle-

like structures, the absorption peak diminished as well as gets broadened and showed 

hypsochromic effect with increasing time (Figure 21).  

 

Figure 21: Photocatalytic degradation of MB in presence of β-NaYF4: 5 % Tb
3+

 with (a) 

spindle-like structure, and (b) microrods under irradiation of 400 W mercury lamp for 320 
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min. Plots of dye concentrations (C/C0) vs. time for (c) spindle-like structure and (d) 

microrods. 

The absorption peak of MB shifted by ~ 12 nm (i.e. from 662 nm to 550 nm) towards 

lower wavelength with increasing time. This blue shift may be attributed to oxidized MB by 

formation of demethylated dye, resulting from N-demethylation of dimethylamino group in 

MB that occurs concomitantly with oxidative degradation.
56 

 

2.4. Conclusion 

In summary, hexagonal phase of NaYF4: Ln
3+

 (Ln=Tb, Yb/Er and Yb/Tm) 

microcrystals with multiform morphologies were successfully synthesized via 

cationic/anionic binary capping agent system: CTAB and trisodium citrate-assisted 

hydrothermal route. Under UV excitation, the as-prepared β-NaYF4: 5 % Tb
3+ 

crystals emit 

strong green emission and possess long luminescence lifetime in milliseconds. In contrast, 

under 980 nm NIR excitation, the Yb/Er- and Yb/Tm-co-doped NaYF4 samples exhibit 

strong green and blue up-conversion luminescence, respectively. The experimental results 

indicate that, the luminescence properties of the β-NaYF4: 5 % Tb
3+

 phosphors are strongly 

dependent on their crystalline size and shape. The photocatalytic studies showed that, β-

NaYF4: 5 % Tb
3+

 phosphors are highly selective for MB. In addition, we have also discussed 

the correlation between the morphologies and photocatalytic activities. Apart from their 

photocatalytic properties, the unique luminescence properties and controlled morphologies of 

these phosphors may endow potential applications in field of color displays, light-emitting 

diodes (LEDs) and solid state lasers. 
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Outline 

Here, we fabricated a multifunctional nanoprobe based on highly monodispersed, 

optically and magnetically active, biocompatible, PEI-functionalized, highly 

crystalline β-NaYF4: Gd
3+

/ Tb
3+

 nanorods as an excellent multimodal 

optical/magnetic imaging tool and a pH-triggered intracellular drug delivery 

nanovehicle. The static and dynamic photoluminescence spectroscopy studies were 

performed. The static magnetic susceptibility measurements, nuclear magnetic 

resonance (NMR) measurements and magnetoresonance imaging of β-NaYF4: 

Gd
3+

/ Tb
3+

were also deliberated. In addition, doxorubicin (DOX) was conjugated to 

the amine-functionalized β-NaYF4: Gd
3+

/ Tb
3+

 nanorods via a pH-sensitive 

hydrazone bond linkage enabling them as a pH-triggered, site-specific drug delivery 

nanovehicle for the DOX release inside the tumor cells. A comparison of in vitro 

DOX release studies at a normal physiological (pH 7.4) and acidic environment (pH 

5.0) showed an enhanced DOX dissociation at pH 5.0. These multifunctional 

structures were also applied as an optical probe to confirm the conjugation of DOX 

and to monitor the DOX release. The cytotoxicity and cellular uptake studies were 

demonstrated using MTT assay, confocal laser scanning microscopy and flow 

cytometry. A comparative cellular uptake of free DOX and DOX-conjugated β-

NaYF4: Gd
3+

/ Tb
3+

 nanorods were studied in tumor microenvironment condition 

(pH 6.5) by confocal imaging, which showed the increased uptake of DOX-

conjugated β-NaYF4: Gd
3+

/ Tb
3+ 

nanorods. Thus, DOX-conjugated β-NaYF4: 

Gd
3+

/Tb
3+

 nanorods combining pH-triggered drug delivery, efficient luminescence 

and paramagnetic properties promise a potential multifunctional platform for cancer 

therapy, biodetection probe, optical and magnetoresonance imaging. 
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3.1. Introduction 

 The widespread varieties of fluorescent probes have been used in bioimaging, 

biomedicine, diagnostics, theranostics, and multiplex sensing.
1-6

 The trivalent lanthanide 

(Ln
3+

)-ion-doped phosphors have emerged at the forefront as multifunctional nano probes, 

for a variety of biological applications. This is due to their unique optical features, arising 

from parity forbidden f-f transition, which are shielded by filled 5s and 5p orbitals. As 

demonstrated in earlier chapters compared to the conventional organic dyes, fluorophores 

and semiconductor quantum-dots (QDs), the lanthanide ion-doped phosphors exhibit 

intriguing merits involving low-bandwidth, intense, tunable emission with long 

luminescent lifetime, large Stokes and anti-Stokes shift (down-/up-conversion), high 

photo-stability, low auto-fluorescence, photo-blinking and low toxicity.
7, 8 

In addition, 

some lanthanide ions, specifically Gd
3+

 ions are highly paramagnetic due to the presence 

of seven unpaired electrons with large magnetic moments (~ 7.94 μB). Moreover, Gd
3+

 

ions also possess longer electronic relaxation time, making them an excellent candidate as 

contrast agents for magnetoresonance imaging (MRI).
9, 10

 These superior features relative 

to organic fluorescent dyes and QDs make the Ln
3+

-doped phosphors, a better alternative 

for various biological applications. Apart from biological applications, lanthanide ion-

doped phosphors have already been proven to be highly technically important candidates 

in wide-ranging applications such as light emitting devices, optical telecommunication, 

solar cells, and catalysis. 
11, 12

  

As known, higher level of crystallinity of an inorganic phosphor play an important 

role in achieving a brighter phosphor. As mentioned in chapter 1, inorganic fluorides, in 

particular NaYF4, possess wide bandgap and low phonon energy which is favorable for 

lower nonradiative losses and enhanced emission. In contrast the oxides phosphors 

usually show higher non-radiative losses.
13

 The YVO4 lattice has phonon energy of 880 
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cm
−1

. In addition, for tetragonal NaGd(WO4)2, tetragonal GdVO4, and cubic Y2O3, the 

phonon thresholds of the host lattices are ~ 1000, ~ 880 and ~ 600 cm
-1

 respectively.
14-16

 

Thus, NaYF4 based phosphors are considered as an excellent host matrix for down- and 

up-conversion luminescence processes.
17 

Among two polymorphic forms-  cubic (α-) and 

hexagonal (β-) phases of NaYF4, the hexagonal-phase of β-NaYF4 is thermodynamically 

stable
18

 which is desirable to achieve enhanced luminescence efficiency for various Ln
3+

-

doped phosphors. In previous chapter we reported the high luminescence efficiency and 

efficient photocatalytic activity of β-NaYF4:5 % Tb
3+

 phosphors.
19

 Inspite of high 

luminescence efficiency, these crystals were larger in size and lacked biocompatibility 

which limited their biological application. Thus, in this work we attempted to design a 

phosphor system that would be suitable for biomedical applications. 

 The development of multifunctional, hybrid nanoparticles, which integrate 

different functional properties into one entity, are promising as new research frontiers of 

multimodal bio-probes. The progression of bio-probes in biomedical diagnostics and 

theranostics is represented in scheme 1. Earlier only single modality probes were in 

studies; either optical probe or magnetic probes. The multifunctional nanoparticles with 

combined optical and magnetic properties can be immensely useful in multimodality 

imaging, where optical imaging provides the highest sensitivity for an in vitro cell 

imaging and MRI provide high penetration depth, excellent spatial resolution and 

anatomical information for in vivo imaging.
20

 Usually, most of the conventional optically 

and magnetically active materials are composites that are produced by coupling traditional 

optically-active materials such as QDs and organic dyes with magnetic ones such as iron 

oxides etc. Recently, hybrids such as, dye-doped silica nanoparticles mixed with 

magnetite nanocrystals
21

, Fe3O4@NaLuF4:Yb/Er
22

 and Fe3O4@LaF3:Yb/Er
23

 have been 

successfully synthesized for imaging.  However, such hybrids suffer the disadvantage of 
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photo-bleaching and toxicity of dyes, non-perseverance of particle size and complex 

synthesis processes with multiple steps. To overcome these drawbacks, single-phase, 

dual-function, superparamagnetic, Gd
3+

 containing inorganic nanocrystals have been 

developed as a new class of multimodal probes. Thus, inorganic crystals doped with 

optically active Ln
3+

 ions along with magnetic Gd
3+

 ions, not only bring together the 

advantage of multimodal imaging/biodetection, but also effectively reduces the toxicity of 

free Gd
3+ 

in rigid crystal environment. 

 

Scheme 1: Schematic representation of evolution of bio-probes in biomedical diagnostics 

and theranostics.  

The optical-magnetic nanoprobes are also expected to be used as drug-carriers for 

drug delivery and therapeutics. Doxorubicin (DOX) is the most established and 

commonly used chemotherapeutic anti-cancer drug. However, when the DOX is 

administered directly, it lacks targeting ability at tumor sites and shows minimal drug 

internalization.
24

 According to the Warburg effect; increased anaerobic glycolysis results 
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in lactic acid accumulation in cancer cells, which leads to lower extracellular pH (6.5 to 

6.8) of many tumors.
25

 Thus, the cellular uptake of weakly basic drug doxorubicin tend to 

reduce at low pH, which is in accordance with the pH partition theory.
26

 The acidic 

extracellular microenvironment of tumors is therefore predicted to confer a degree of 

physiological resistance to weakly basic drugs (e.g. doxorubicin) as well as it produces 

serious undesirable side effects such as cardiotoxicity etc.
24, 25

 An imperative approach to 

overcome the toxicity and low cellular uptake concern of free doxorubicin drug is to 

develop the drug carrier system for tumor targeted drug delivery that can specifically 

respond to cancer cells with low pH values while staying inactive under normal 

physiological conditions. 

 The prime advantages of using nano-sized particles in various bio-applications are 

due to their distinct optical, electronic, thermal and magnetic properties along with small 

size, and greater available surfaces for further modification.
27

 In particular, for a drug 

delivery system the nano-sized particles are beneficial as they possess longer circulation 

half-lives and enhanced permeability and retention effect (EPR) resulting in better drug 

accumulation at tumor site and consequent reduced side effects.
28

 Herein, we designed 

and developed multifunctional nanorods, which can function as a dual-mode optical and 

magnetic bioprobe, integrated with the pH-triggered drug delivery capability. In 

particular, the nanorods are beneficial for intracellular drug delivery because the rod-

shaped structures possess larger surface area and high surface energy. This leads to high 

drug conjugation efficiency and maximal drug loading capacity thereby making them as 

an efficient carrier for the drug delivery.
29

  Thus, the amine functionalized β-

NaYF4:Gd
3+

/Tb
3+ 

nanorods were synthesized and utilized as luminescent/magnetic 

bioprobes, where the Tb
3+

 ions act as luminescent centers and Gd
3+

 ions render the 

paramagnetic property to the system. The DOX was then chemically conjugated with 
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amine functionalized β-NaYF4:Gd
3+

/Tb
3+

 nanorods via a pH-sensitive hydrazone bond 

linkage (β-NaYF4:Gd
3+

/Tb
3+

@ PEI–3-maleimidopropionic acid hydrazide (MPH)–DOX) 

for the pH-triggered drug delivery system. The photoluminescence and the magnetic 

properties were investigated. The drug release property, cytotoxicity and cellular uptake 

behavior were also studied in detail. 

3.2. Materials and method 

3.2.1. Materials 

  All the chemicals were of analytical grade and were used as-received without any 

further purification. Yttrium (III) nitrate hexahydrate (Y(NO3)3.6H2O) (purity ≥ 99.89%), 

gadolinium (III) nitrate hexahydrate (Gd(NO3)3.6H2O), terbium (III) nitrate hexahydrate 

(Tb(NO3)3.6H2O) (purity ≥ 99.89%), polyethyleneimine branched polymer (PEI, average 

MW ~25,000), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), 3-

mercaptopropionic acid (MPA) and N-hydroxysuccinimide (NHS)  were purchased from 

Sigma Aldrich Inc. Ammonium fluoride (NH4F) and sodium chloride (NaCl) were 

received from Thomas Baker chemicals Pvt. Ltd. Doxorubicin was provided by Emcure 

Pharmaceuticals Ltd., Pune, India. The reagent 3-maleimidopropionic acid hydrazide 

(MPH) was obtained from Thermo Fisher Scientific India Pvt. Ltd. Deionized water was 

used throughout the experiments. 

3.2.2. Synthesis 

3.2.2.1. One-pot synthesis of amine functionalized β-NaYF4: 15%Gd/ 5% Tb 

In a typical procedure, Y(NO3)3.6H2O, Gd(NO3)3.6H2O, and Tb(NO3)3.6H2O (0.2 

M) were added to 10 mL NaCl solution (0.2 M). Under vigorous stirring, 20 mL of 

ethanol and 10 mL of PEI solution (5 wt %) were added to the above solution. After 

stirring of 30 min, NH4F (0.5 M) was introduced into the above solution. After another 

agitation for several minutes, the solution was transferred into a stainless steel autoclave 
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with Teflon liner of 80 mL capacity, sealed and heated at 200 °C for 24 h. After that, the 

autoclave was cooled to room temperature, and the resulting product was separated 

centrifugally and was washed with distilled water and absolute ethanol. Then, the product 

was dried under vacuum at 60 °C for 8 h.   

3.2.2.2.  Synthesis of doxorubicin conjugated β-NaYF4: 15%Gd
3+

/ 5%Tb
3+

 

The doxorubicin was conjugated with β-NaYF4: Gd
3+

/Tb
3+

 via the pH-sensitive 

hydrazone bond to render the pH-triggered drug delivery following a modified method 

reported elsewhere.
30

 NHS (27.6 mg), EDC (46.0 mg), and MPA (5.2 µL) were dissolved 

in 3 mL methanol. The mixture was stirred at room temperature for 5 h to form 3-

mercaptopropanyl-N-hydroxysuccinimide ester (MP-NHS). PEI-functionalized β-NaYF4: 

Gd
3+

/Tb
3+

 (200.0 mg) was dispersed in 3 mL methanol, and the MP-NHS was added. The 

mixture was stirred for 12 h under nitrogen atmosphere, to form the thiolated PEI (β-

NaYF4: Gd
3+

/Tb
3+

 @ PEI–SH). MPH (13.2 mg) was then added to the thiolated PEI i.e. β-

NaYF4: Gd
3+

/Tb
3+

 @ PEI–SH to form PEI–MPH through the covalence of thiol and 

maleoyl. After 5 h of stirring, the methanol was evaporated and the solid (β-NaYF4: 

Gd
3+

/Tb
3+

 @ PEI– MPH) was hydrated and dialyzed against deionized water for 12 h. 

The freeze-dried β-NaYF4: Gd
3+

/Tb
3+

 @ PEI–MPH (50 mg) and DOX  in excess were 

combined in methanol and allowed to react for 24 h while being protected from light to 

form the β-NaYF4: Gd
3+

/Tb
3+

@ PEI–MPH–DOX conjugate (β-NaYF4: Gd
3+

/ Tb
3+ 

- MPH 

– DOX). The reaction mixture was evaporated to dryness under reduced pressure, and the 

solid was dissolved in 5 mL water. This solution was dialyzed (MWCO 8000-1400) 

against deionized water at 4 °C and freeze-dried. The synthesis route is illustrated in 

Scheme 2.
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Scheme 2: Schematic illustration of the synthesis route for the conjugation of doxorubicin 

with β-NaYF4: Gd
3+

/Tb
3+

 nanorods via pH-sensitive hydrazone bond through MPH for 

pH-triggered drug delivery system. 

3.2.3. Stability test of β-NaYF4: Gd
3+

/ Tb
3+ 

nanorods and DOX-conjugated β-

NaYF4:Gd
3+

/Tb
3+

  

 To demonstrate the stability of the β -NaYF4: Gd
3+

/ Tb
3+ 

nanorods and DOX-

conjugated β-NaYF4:Gd
3+

/Tb
3+

, the samples were incubated in Fetal Bovine Serum (FBS) 

at 37 °C for 3 days. The emission intensity of nanorods in serum was measured at λex = 
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375 nm and the doxorubicin release was measured by excitation at 480 nm, emission 

maximum at 590 nm using fluorescence spectrophotometer at predetermined time 

intervals.      

3.2.4. DOX loading and in vitro release of DOX from conjugates 

The amount of DOX loaded on to the nanorods was calculated and determined by 

the characteristic DOX optical absorbance at 490 nm. 1 mg β-NaYF4:Gd
3+

/Tb
3+ 

@PEI-

MPH-DOX conjugate was dissolved in 1 mL water for the UV-vis measurement. The free 

DOX solutions of various concentrations were prepared, and the absorptions of the 

solutions were measured by UV-vis spectrophotometer to generate the calibration curve. 

The loading level was determined from the obtained calibration curve. 

The DOX release studies were carried out in phosphate-buffered saline (PBS 

buffer) with different pH values (pH 7.4 and 5.0) at 37 °C. The β-NaYF4:Gd
3+

/Tb
3+ 

@PEI-MPH-DOX conjugate was dispersed in 1mL of PBS and placed in a dialysis bag 

with a molecular weight cut-off of 3.5 kDa. The dialysis bags were then immersed in 10 

mL of the release medium and kept in a shaker maintained at 100 rpm and 37 °C. One mL 

of the medium was sampled at selected time intervals, and replaced with fresh buffer 

solution. The amounts of released DOX were measured by UV-vis spectrophotometer.  

To validate the loading of DOX on nanorods by chemical conjugation and pH-

triggered release of DOX by cleavage of hydrazone bond, a control experiment was 

performed. The physical mixture of equal amount of β-NaYF4: Gd
3+

/ Tb
3+ 

and DOX was 

dissolved in methanol and allowed to react for 24 h, in dark condition and further 

processed in the same way as for β-NaYF4: Gd
3+

/ Tb
3+

-MPH-DOX synthesis. The loading 

of DOX was determined by the characteristic DOX optical absorbance at 490 nm. For 

DOX release studies, the physical mixture of equal amount of β-NaYF4: Gd
3+

/ Tb
3+ 

and 

DOX was dissolved in methanol and allowed to react for 24 h, in dark condition. The 
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reaction mixture was evaporated to dryness under reduced pressure. The solid was 

dispersed in PBS buffer with different pH values (pH 7.4 and 5.0) at 37 °C. The DOX 

release studies were then carried out in the similar way as for β-NaYF4:Gd
3+

/Tb
3+ 

@PEI-

MPH-DOX conjugate. 

3.2.5. In vitro cytotoxicity of DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+

 nanoparticles  

3.2.5.1. Cell culture   

The breast cancer cell line MCF-7 and NIH3T3 were cultured in Dulbeccòs 

modified Eagles medium (DMEM) supplemented with 10 % heat inactivated fetal bovine 

serum, penicillin (100 U/mL) and streptomycin (100 µg/mL) (Invitrogen Corporation, 

CA, USA) and incubated at 37 °C in 5 % CO2 incubator (Thermo Scientific, NC).  

3.2.5.2. Proliferation assay 

The in vitro cell viability was assessed using 3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) proliferation assay in NIH3T3 and MCF-7 cells. The 

MCF-7 and NIH3T3 cells in monolayer culture were cultivated in DMEM media 

supplemented with 10 % heat inactivated fetal bovine serum, penicillin (100 U/mL) and 

streptomycin (100 µg/mL) (Invitrogen Corporation, CA, USA). Cells were trypsinized 

and plated at a density of ~ 20, 000 cells / well in 96-well plate. After ~ 24 h, cells were 

treated with varying concentration of free DOX, β-NaYF4:Gd
3+

/Tb
3+ 

nanorods and DOX-

conjugated β-NaYF4:Gd
3+

/Tb
3+

, and then cells were incubated in 5% CO2 at 37 C for 24 

h. After the treatment, medium was removed and 10 μL of MTT (methylthiazole 

tetrazolium, 10 mg/mL) was added in each well and further incubated for 4 h at 37°C. 

Formazan crystals thus formed were solubilized in 100 μL iso-propanol and the 

absorbance of the MTT was measured at 570 nm with microplate reader (Theromo 

Multiskan go). 
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3.2.6. Cellular uptake of DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+

 nanorods 

           Cellular uptake was examined using confocal laser scanning microscope (CLSM) 

and flow cytometry.  MCF-7 breast cancer cells were seeded into chambered slide and 

allowed to grow for 24 h in DMEM medium containing 10 % FCS. On reaching 70 % cell 

confluence, the medium was replaced with 1 mL of fresh culture medium having pH 7.2 

and pH 6.5 for cellular uptake study. The cells were treated with DOX-conjugated β-

NaYF4: Gd
3+

/Tb
3+

 (β-NaYF4: Gd
3+

/ Tb
3+ 

- MPH - DOX ) nanorods (20 μg/mL) and 

incubated at 37 °C for 30 min, 2 h and 8 h, respectively. The cells were washed three 

times with PBS and fixed with 2 % paraformaldehyde at 37 °C for 10 min, and then 

rinsed with PBS three times again. After washing the cells thoroughly, the cells were 

overlaid with mounting medium containing DAPI (Sigma). The cover slips were placed 

on the slide and fluorescence images were recorded by using the fluorescence of DOX 

and β-NaYF4: Gd
3+

/Tb
3+

, excited at 488 nm and 405 nm and emission was collected at 

591 (red fluorescence) and 530 nm (green fluorescence) respectively. Similarly, the cells 

were treated with β-NaYF4: Gd
3+

/Tb
3+

 nanorods (20 μg/mL) and incubated at 37 °C, for 

30 min and followed the same procedure as for DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+

 for 

collecting green fluorescence from nanorods. The fluorescence emission (between 530 

and 630 nm) was visualized by the confocal laser scanning microscope (Leica 

Microsystems and Carl Ziess, Germany). The cellular uptake of free DOX and DOX-

conjugated β-NaYF4: Gd
3+

/ Tb
3+

 nanorods were also compared by confocal microscopy. 

Free DOX and β-NaYF4: Gd
3+

/ Tb
3+

-MPH-DOX nanorods were incubated with MCF-7 

breast cancer cells at 37 °C for 30 min, 2 h and 8 h, respectively at pH 6.5 and followed 

the same above mention procedure. The fluorescence images were recorded by using the 

fluorescence of DOX excited at 488 nm and emission was collected at 591 (red 
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fluorescence). For the flow cytometry studies, breast cancer MCF-7 cells were seeded in 6 

well cell culture plates. The cells were then treated with the free DOX and DOX-

conjugated β-NaYF4: Gd
3+

/Tb
3+

 nanorods for 4 h. To make single cell suspension, cells 

were trypsinized with 0.05 % trypsin-EDTA (Life Technologies) and washed with PBS. 

The cells were then resuspended in PBS buffer to a final concentration of 1×10
6
 per mL 

for the flow cytometric analysis using a FACS Calibur flow cytometer (Becton 

Dickinson). The results were analyzed with Cell Quest software. The excitation 

wavelength and emission wavelength were 488 nm and 575 nm, respectively. 

3.2.7. In vivo toxicity of DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+

 

          The tumors were introduced in severe combined immunodeficiency (SCID) mice 

model by injecting MDA-MB 231cell lines in the breast pad of SCID mice. After grown 

for 1 week, the tumors sizes reached the size about 10−12 mm. Then, the tumor bearing 

mice was treated with the injections of (i) β-NaYF4: Gd
3+

/Tb
3+

 and (ii) DOX-conjugated 

β-NaYF4: Gd
3+

/Tb
3+

 with a dose of 2 mg/Kg of body weight. The tumor sizes were 

monitored after 4 week of treatment.  

3.2.8. Spin relaxation measurement of β-NaYF4: Gd
3+

/Tb
3+

 nanorods and DOX-

conjugated β-NaYF4: Gd
3+

/Tb
3+

 as Magnetic Resonance Imaging Contrast Agents  

 For the solvent longitudinal relaxation times (T1) measurements, the samples were 

dispersed in D2O and the relaxivity values (r1) were measured by a standard inversion-

recovery pulse sequence on a Bruker Advance NMR spectrometer at 20 °C and 9.4 T (400 

MHz). The ability of proton relaxation enhancement of β-NaYF4: Gd
3+

/Tb
3+

 is expressed 

by the term ionic relaxivity r1, which is determined by the slope of following equation
31

 in 

the units of mM
−1

 S
−1

: 

(1/T1)obs = (1/T1)d + r1[M] 



Chapter 3            Doxorubicin-conjugated β-NaYF4: Gd3+/ Tb3+ multifunctional phosphor: A multimodal, 

luminescent-magnetic probe for simultaneous optical, magnetoresonance imaging                                          

and an excellent pH-triggered anti-cancer drug delivery nanovehicle 
 

Preeti Padhye Page 117 

 

Where, (1/T1)obs and (1/T1)d are the observed values in the presence and absence of the 

paramagnetic species (β-NaYF4: Gd
3+

/Tb
3+

) and [M] is the concentration of the β-NaYF4: 

Gd
3+

/Tb
3+

 nanorods.  

 To investigate the contrast enhancement effect, the T1-weighted magnetic 

resonance images were acquired at RT using a 3 T Philips MR scanner using Standard 

Spin-Echo (SE) sequence. Various concentrations of samples (0, 0.05, 0.25, 0.5, 0.8 mM) 

in water were placed in a series of 2 mL tubes for T1-weighted MRI images. The 

following parameters were adopted: repetition time (TR) = 500 ms, echo time (TE) = 9.4 

ms, matrix size =128 pixels ×128 pixels, field of view (FOV) = 90, number of signal 

averages = 2, and slice thickness = 3 mm. 

3.2.9. Characterization techniques 

The phase purity and crystallinity of the as-prepared samples were characterized by 

X-ray diffraction (XRD) using a PANalytical X’PERT PRO instrument and the iron-

filtered Cu- Kα radiation (λ = 1.5406 Å) in the 2θ range of 10-80° with a step size of 

0.02°. To analyze the shape and size of the samples, field emission scanning electron 

microscopy (FESEM: Hitachi S-4200) was used. Energy-dispersive X-ray analysis 

(EDXA) of the samples was performed during FESEM measurements to obtain the 

elemental composition of the samples. The specific structure details, morphology, and 

size were obtained by using FEI Tecnai F30 high resolution transmission electron 

microscope (HRTEM) equipped with a super-twin lens (s-twin) operated at 300 keV 

accelerating voltage with Schottky field emitter source with maximum beam current (> 

100 nA) and small energy spread (0.8 eV or less). The point-to-point resolution of the 

microscope is 0.20 nm and line resolution of 0.102 nm with a spherical aberration of 1.2 

mm and chromatic aberration of 1.4 mm with 70 m objective aperture size. The powder 
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samples obtained were dispersed in ethanol and then drop-casted on carbon-coated copper 

TEM grids with 200 mesh and loaded to a single tilt sample holder. 

The optical properties of the as-synthesized samples were investigated by a Jasco 

UV-vis-NIR (Model V570) dual beam spectrometer operated at a resolution of 2 nm. PL 

spectra were acquired using a Cary eclipse fluorescence spectrophotometer, equipped 

with a 400 W Xe lamp as an excitation source and a Hamamatsu R928 photomultiplier 

tube (PMT) as a detector. Lifetime measurements were carried by using an Edinburgh 

Instruments FLSP 920 system, having a 60 W microsecond flash lamp as the excitation 

source. Around 30 mg sample was mixed with one ml methanol, made into a slurry and 

spread over a quartz plate and dried under ambient conditions and introduced into the 

sample chamber of the instrument prior to luminescence measurements. Fourier transform 

infrared spectrum (FTIR) was recorded by FTIR – 8300 Fourier transform infrared 

spectrophotometer (SHIMADZU) and Bruker FT-IR (ATR mode) spectrophotometer. 

Confocal laser scanning microscopy (CLSM) images were observed by Leica 

Microsystems and Carl Zeiss, Germany confocal microscope. The flow cytometry studies 

were performed by Calibur flow cytometer (Becton Dickinson) with an excitation 

wavelength of 480 nm. Magnetic property measurements of samples were performed 

using VSM (Vibrating Sample Magnetometer) attachment of Physical Property 

Measurement System (PPMS) from Quantum Design Inc., San Diego, CA, equipped with 

a 9 T superconducting magnet. For dc magnetic measurements, the samples were 

precisely weighed and packed inside a plastic sample holder which fit into a brass sample 

holder with negligible contribution in the overall magnetic signal. The M−H loops were 

collected at a rate of 75 Oe/s in a field sweep from −40 to 40 kOe at the vibrating 

frequency of 40 Hz.  
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3.3. Result and discussion 

3.3.1. Structural and morphological characterization of β-NaYF4: Gd
3+

/Tb
3+

 and 

DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+

   

 Previous studies suggested that the cytotoxicity and cellular uptake efficiency of 

NPs can be largely affected by charge on the particles due to electrostatic interactions 

between nanoparticles and cell membrane.
32

 Therefore, the surface coating on 

nanoparticles would play an important role in their cell internalization. Earlier studies also 

demonstrated that the positively charged, PEI-coated NPs significantly enhances cellular 

uptake in several human cell lines including cervical carcinoma (HeLa), glioblastoma 

(U87MG), and breast carcinoma (MCF-7) cells.
32

 Therefore, PEI was chosen to render the 

β-NaYF4: Gd
3+

/Tb
3+

 nanorods water solubility and amine functionalization.     

X-ray diffraction analysis was used to characterize the phase purity, crystallinity 

and composition of β-NaYF4: Gd
3+

/Tb
3+

 nanorods. The X-ray diffraction pattern, as 

shown in Figure 1, exhibits sharp diffraction peaks that can be indexed to pure hexagonal-

phase β-NaYF4 (space group: P63/m).  
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Figure 1: The comparison of XRD patterns of as-prepared β-NaYF4: Gd
3+

/Tb
3+

 nanorods 

and the reference data of hexagonal β-NaYF4 (JCPDS- 16-0334) plotted as a reference. 

The overall peak profile demonstrates an excellent crystallinity of the nanorods. 

The absence of any other phase in XRD pattern indicates the high purity of as-

prepared samples. The calculated lattice parameters are a =5.9 Å, c =3.5 Å, which 

coincide well with the reported data (JCPDS no. 16-0334). Moreover, the sharpness of 

peaks in XRD pattern also indicates the high crystallinity of nanorods, which is beneficial 

to higher luminescence yield of phosphors, as the high crystallinity leads to less trap sites 

and subsequently gives strong emission.  

The size, shape and structure of the as-prepared nanorods were characterized by 

TEM and FESEM (Figures 2 and 3). TEM and FESEM images, as shown in Figures 2 (a) 

and 3 (a), show that the PEI capped β-NaYF4: Gd
3+

/Tb
3+

 crystals possess rod-shape with 

an average diameter ~ 60 nm and length of ~ 230 nm. It can be clearly seen that, the β-

NaYF4: Gd
3+

/Tb
3+

 nanorods are highly uniform and monodispersed in nature. Even after 

conjugation of DOX on the surface, the nanoparticles showed good uniformity and 
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monodispersity without any sign of aggregation (Figure 2 (b) and 3 (b)). The 

corresponding selected area electron diffraction patterns (SAED) and high resolution 

TEM images shown in Figure 2 (c, e) and (d, f) demonstrate that the as-synthesized β-

NaYF4: Gd
3+

/Tb
3+

 nanorods and DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+ 

nanorods are 

highly crystalline in nature. Meanwhile, the lattice fringes with interplanar spacing of 0.3 

nm and 0.2 nm were ascribed to (101) and (201) planes of β-NaYF4: Gd
3+

/Tb
3+

 nanorods 

and DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+ 

nanorods, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: TEM images of (a) PEI-capped β-NaYF4:Gd
3+

/Tb
3+

 nanorods and (b) DOX – 

conjugated PEI capped β-NaYF4:Gd
3+

/Tb
3+

 nanorods. (c, d) and (e, f) are corresponding 

SAED patterns and HRTEM images. The nanorods are highly crystalline and well-

separated even after drug conjugation. 
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Further, the elemental composition of the β-NaYF4: Gd
3+

/Tb
3+ 

nanorods were 

determined by Energy Dispersive X-ray Analysis (EDX). As can be seen by Figure 3 (c), 

all the elements including Na, Y, F, Gd and Tb can be detected in the spectrum. 

Figure 3: SEM images of (a) PEI capped β-NaYF4:Gd
3+

/Tb
3+

 nanorods and (b) DOX – 

conjugated β-NaYF4:Gd
3+

/Tb
3+

 nanorods. The rods remain nicely separated and 

monodispersed. (c) Energy-dispersive X-ray analysis (EDX) patterns of β- 

NaYF4:Gd
3+

/Tb
3+ 

nanorods showing elemental composition.  

 

 

300 nm

a b

300 nm

c

Energy (KeV)

Element Weight%

F  K 37.56

Na K 0.92

Y L 44.58

Gd L 13.01

Tb L 3.94
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3.3.2. Surface properties  

 The zeta potential and FTIR spectroscopy were employed to study the surface 

modification of β-NaYF4: Gd
3+

/Tb
3+

 nanorods by PEI and further conjugation of DOX on 

the β-NaYF4: Gd
3+

/Tb
3+ 

nanorods. The ζ-potential of β-NaYF4: Gd
3+

/Tb
3+

 aqueous 

solution (pH=7) was measured to be + 57 mV, indicating the successful capping of PEI on 

the surface of β-NaYF4: Gd
3+

/Tb
3+

 nanorods. Owing to amino group capping on the 

surface, the nanorods were steadily dispersed in water to form a stable and optically 

transparent dispersion. The amino groups on the surface of nanorods were further verified 

by FTIR spectroscopy (Figure 4).  

Figure 4: The FT-IR spectra of (a) PEI-capped β-NaYF4:Gd
3+

/Tb
3+

 nanorods and (b) 

DOX -conjugated β-NaYF4:Gd
3+

/Tb
3+

 nanorods indicating the capping of PEI at the 

surface of  β-NaYF4:Gd
3+

/Tb
3+

 nanorods and further the conjugation of DOX with the 

amine functionalized β-NaYF4:Gd
3+

/Tb
3+

 nanorods.  

The β-NaYF4: Gd
3+

/Tb
3+

 nanorods exhibited a sharp absorption band at 3626 cm
-1 

due to O-H stretching vibration. Meanwhile, absorption bands at 1385 cm
-1

 and 2830 cm
-1

 

are attributed to the stretching vibrations of the C-N band symmetric stretching vibrations 

of C-H bond respectively. The IR-band centered at 1630 cm
-1

 was observed, which can be 

attributed 
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to the N-H bending mode of amino group (-NH2), and also a broad band at 3443 cm
-1

 is 

related to the N-H stretching vibration of amino group, thereby revealing the capping of 

PEI on the surface of nanorods.
31, 33 

Further, when DOX was conjugated to the PEI coated 

nanorods via MPH, a feature peak at 1620 cm
-1

 appeared (Figure 4b) which can be 

assigned to –C=N– bond, resulting from reaction between hydrazide group of nanorods 

and carbonyl group at the 13-keto position of DOX. Moreover, the characteristic bands at 

1135 cm
-1

 and 1380 cm
-1

 correspond to the absorption of DOX.
34

 These results 

demonstrate that, the DOX molecules have been chemically conjugated to β-NaYF4: 

Gd
3+

/Tb
3+

 nanorods via hydrazone bond. 

3.3.3. Optical properties 

3.3.3.1. UV-visible absorbance studies 

The conjugation of doxorubicin with β-NaYF4: Gd
3+

/Tb
3+

 nanorods was further 

determined by the characteristic DOX absorption band at ~ 490 nm as shown by a 

comparison of UV-vis absorbance spectra of free DOX, β-NaYF4: Gd
3+

/Tb
3+

-DOX 

conjugate and bare β-NaYF4: Gd
3+

/Tb
3+

 (Figure 5).   

 

 

 

 

 

 

 

Figure 5: Comparison of UV-vis absorbance of free DOX, bare β-NaYF4: Gd
3+ 

/ Tb
3+

 

nanorods and β-NaYF4:Gd
3+

/Tb
3+

- DOX conjugate nanorods indicating conjugation of 

DOX with β-NaYF4:Gd
3+

/Tb
3+

 nanorods.    

350 400 450 500 550 600 650 700

0.0

0.5

1.0

1.5

2.0
 Free DOX

A
b
so

rb
an

ce
 (

a.
u

.)

Wavelength (nm)

0.1

0.2

0.3

0.4

0.5

 NaYF
4
:Gd

3+
/Tb

3+
-DOX conjugate

 NaYF
4
:Gd

3+
/Tb

3+

 



Chapter 3            Doxorubicin-conjugated β-NaYF4: Gd3+/ Tb3+ multifunctional phosphor: A multimodal, 

luminescent-magnetic probe for simultaneous optical, magnetoresonance imaging                                          

and an excellent pH-triggered anti-cancer drug delivery nanovehicle 
 

Preeti Padhye Page 125 

 

3.3.3.2. Static photoluminescence studies 

A comparison of the photoluminescence (PL) spectra of Tb
3+

 in β-NaYF4: 5 % Tb
3+

 

and β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods, when Tb
3+

 is excited directly (375 nm) and 

indirectly (273 nm) respectively, is shown in Figure 6 (a). It is evident that, in both the 

samples, the peak-positions in emission spectra remain similar, and the bands differ only 

in their relative intensities. The obtained emission spectra monitored at λex = 273 nm, 

yielded intense green emissions in the regions of 480-680 nm, which are due to the 

5
D4

7
FJ (J = 3, 4, 5, 6) transitions of Tb

3+
 ions, respectively. Specifically, four prominent 

emission peaks centered at ~ 488, ~ 544, ~ 584, and ~ 619 nm, originates from the 

transitions of 
5
D4

7
F6, 

5
D4

7
F5, 

5
D4

7
F4, and 

5
D4

7
F3 respectively.

35
 Among these 

transitions, the green emission 
5
D4

7
F5 at ~ 544 nm is the most intense emission, which 

corresponds to a magnetic dipole transition. 

 

Figure 6: The comparison of static photoluminescence spectra showing the effect of 

sensitizer Gd
3+

 on the emission intensity. (a) Emission spectra of β-NaYF4:5 % Tb
3+

 

nanorods (red curve) at λex= 375 nm and emission spectra of β-NaYF4:Gd
3+

/Tb
3+

 

nanorods
 

(black curve) at λex= 273 nm. (b) Comparative emission spectra of β-
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λem=544 nm 

Gd3+ Tb3+

Sensitizer Activator

λex= 273 nm non-radiative

energy transfer

NaYF4:Gd
3+

/Tb
3+

 nanorods at λex= 273 nm and at λex= 375 nm respectively. Here the 

background of curves is normalized to compare the intensities with each other. 

An important advantage of doping Gd
3+

 into the matrix is that, Gd
3+

 ions not only 

render paramagnetic property to the material but also act as sensitizer which enhances 

photoluminescence intensity via energy transfer from sensitizer Gd
3+

 to activator Tb
3+

 ion 

as depicted in scheme 3.  

 

 

 

 

 

 

Scheme 3: Schematic representation showing enhanced emission of Tb
3+

 ion due to 

presence of Gd
3+

 ion via non-radiative energy transfer. 

It is well documented that, Gd
3+ 

serves as an ideal UV sensitizer or intermediate to 

activate specific luminescence of Ln
3+

 ions such as Tb
3+

, inducing green emissions in the 

visible region.
36

 It is also evident from PL spectra in Figure 6 (b), emission intensity of β-

NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods is greatly enhanced upon excitation at λex = 273 

nm as compared with λex = 375 nm, which is the most effective direct excitation 

wavelength for Tb
3+

 ions.
19

 We have also shown an comparative emission spectra of β-

NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 and β-NaYF4: 5 % Tb
3+

 (Figure 6 (a)), it can be clearly seen 

that β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 possess higher luminescence emission intensity, 

which is due to sensitization by Gd
3+

 ions. Previously, our group have studied the optical 

properties of Gd
3+

 ions and demonstrated that Gd
3+

 ions exhibit strong absorption band at 
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273 nm due to 
8
S7/2

6
I11/2 transition in Gd

3+
 ions.

37
 Thus, Gd

3+
 containing nanoparticles 

exhibit a very intense Ln
3+

 excitation band at 273 nm due to the 
8
S7/2

6
IJ transition in 

Gd
3+

 ions followed by a non-radiative energy transfer to Ln
3+

 ions.
38

 In the present β-

NaYF4: 15 % Gd
3+

/ 5 % Tb
3+ 

system, upon excitation at λex = 273 nm Gd
3+ 

ions absorb 

energy and subsequently efficiently transfer energy to neighbouring Tb
3+

 ions giving rise 

to high luminescence emission intensity.  

3.3.3.3. Time-resolved photoluminescence studies 

The PL decay curves for the luminescence of Tb
3+

 in β-NaYF4: 15 % Gd
3+

/ 5 % 

Tb
3+ 

nanorods are shown in Figure 7. This curve can be well fitted by a single exponential 

function as I (t) =I0 exp (-t/τ) where, I0 is the initial emission intensity at t=0, τ is the 1/e 

lifetime of the emission centre. The lifetime for 
5
D4 were detected at 544 nm for 

5
D4→ 

7
F5 

transition of Tb
3+

 by excitation at 273 nm and was determined to be 3.49 ms.  

 

 

 

 

 

 

 

 

 

Figure 7: The luminescence decay curves for the 5D
4
7F

5
 emission of Tb

3+
 (λex=273 nm, 

λem=544 nm) in β-NaYF4:Gd
3+

/Tb
3+

 nanorods. 
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The long luminescence lifetime is favorable for most of the biological 

applications, as the short lived fluorescence such as background fluorescence and 

autofluorescence can be easily suppressed which thus offers remarkably high signal-to-

noise ratio.
7 
 

3.3.4. In vitro cytotoxicity  

3.3.4.1. In vitro cytotoxicity in NIH3T3 fibroblast cell lines 

 To evaluate the biocompatibility of the amine functionalized β-NaYF4: 15 % Gd
3+

/ 

5 % Tb
3+

 nanorods, the standard MTT assay was performed on the NIH3T3 cells. The 

Figure 8 (a) shows the viability of NIH3T3 cells incubated with amine functionalized β-

NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods at different concentrations for 24 h. It can be seen 

that, the β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods did not show any evident cytotoxicity 

to the NIH3T3 cells. The cell viabilities of almost 100 % were observed for a wide range 

of concentrations from 3.12 µg/mL to 200 µg/mL after incubation for 24 h. The 

cytotoxicity effect of free DOX and DOX-conjugated-β-NaYF4: Gd
3+

/ Tb
3+

 nanorods 

were checked in the NIH3T3 cells (Figure 8 (b)) and the results showed the potential 

decrease in the cytotoxicity of DOX-conjugated-β-NaYF4: Gd
3+

/ Tb
3+

, indicating that 

toxic effects of DOX is reduced when conjugated with the β-NaYF4: Gd
3+

/ Tb
3+

nanorods.  

These results coincide with the well established fact that the free DOX, when 

administered directly, confers adverse effects on the normal cells. The reason behind the 

reduced toxicity of the DOX-conjugated-β-NaYF4: Gd
3+

/ Tb
3+

 nanorods in comparison to 

free DOX might be the protection of carbonyl group of DOX by β-NaYF4: Gd
3+

/ Tb
3+

. It 

is believed that, doxorubicin cardiotoxicity is caused by doxorubicinol, which is the 

primary circulating metabolite of doxorubicin formed by the carbonyl reductase at the 13-

keto position
39

, thus the lack of a C-13 carbonyl moiety in DOX-conjugated-β-NaYF4: 

Gd
3+

/ Tb
3+

 prevents the formation of doxorubicinol, which itself promises reduced 
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cardiotoxicity and adverse side effects as compared to free DOX delivery. The MTT 

results signify that, the amine functionalized β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods 

possess good biocompatibility as drug carriers and are also promising as fluorescent 

probes in bioimaging and other biological applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: MTT assay showing the cytotoxicity of (a) the PEI-coated β-NaYF4: Gd
3+

/Tb
3+

 

nanorods, and (b) Free DOX and DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+

 in NIH3T3 cells 

by incubating them with NIH3T3 cells at 37 °C for 24 h.  
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3.3.4.2. In vitro cytotoxicity in MCF-7 cancer cell lines 

To demonstrate the cytotoxic effect of β-NaYF4: Gd
3+

/ Tb
3+ 

- MPH - DOX 

nanorods in vitro against the cancer cells, the MTT assay of nanorods was performed 

against the MCF-7 cancer cells at pH 7.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: In vitro MCF-7 cancer cell viabilities after incubation of 24 h with (a) β-

NaYF4: Gd
3+

/Tb
3+

 nanorods, (b) free DOX and (c) DOX-conjugated β-NaYF4: 

Gd
3+

/Tb
3+

nanorods at different concentrations. DOX conjugated β-NaYF4: Gd
3+

/ Tb
3+

 

nanorods exhibit an increasing inhibition against MCF-7 cancer cells with increasing 

0

20

40

60

80

100

120

Control 3.125 6.25 12.5 50 100 200

C
el

l V
ia

b
il

it
y

 (
%

)

Concentration (μg/mL)

a

0

20

40

60

80

100

120

Control 1.56 3.13 6.25 12.50 25

C
el

l v
ia

b
li

ty
 (
%

)

Concentration (µg/mL)

%cell viablity

c

0

20

40

60

80

100

120

Control 1.56 3.13 6.25 12.50 25

C
el

l v
ia

b
li

ty
 (%

)

Concentration (µg/mL)

%cell Viablity

b



Chapter 3            Doxorubicin-conjugated β-NaYF4: Gd3+/ Tb3+ multifunctional phosphor: A multimodal, 

luminescent-magnetic probe for simultaneous optical, magnetoresonance imaging                                          

and an excellent pH-triggered anti-cancer drug delivery nanovehicle 
 

Preeti Padhye Page 131 

 

concentration, while β-NaYF4: Gd
3+

/ Tb
3+

 nanorods do not possess toxicity to cancer 

cells. 

The Figure 9 shows the cell viabilities against β-NaYF4: Gd
3+

/ Tb
3+ 

nanorods, 

DOX conjugated β-NaYF4: Gd
3+

/ Tb
3+

 nanorods and free DOX. Free DOX was taken as 

positive control to compare the cytotoxicity of β-NaYF4: Gd
3+

/ Tb
3+

 nanorods and DOX 

conjugate. The concentration of free DOX was set as the same as the DOX conjugated β-

NaYF4: Gd
3+

/ Tb
3+

.  

The samples were incubated with MCF-7 cancer cells for 24 h at 37 °C at different 

concentrations. The pure β-NaYF4: Gd
3+

/ Tb
3+ 

nanorods without the DOX conjugation 

exhibited no cytotoxicity to the cancer cells even after 24 h of treatment at concentrations 

as high as 200 µg/mL. In contrast, both free DOX and DOX conjugated β-NaYF4: Gd
3+

/ 

Tb
3+

 nanorods exhibited an increasing inhibitory effect against the MCF-7 cancer cell 

proliferation with increasing concentration. The probable reason behind this may be 

attributed to the fact that the free DOX are small molecules, thus diffuse and spread faster 

into the cells, while DOX loaded nanocarriers have to be endocytosed to enter the cells. 

Thus, when the concentration is higher, more DOX conjugated nanoparticles would be 

endocytosed to enter the cancer cells and release DOX inside to induce the cell death.
40, 41 

3.3.5. Stability assay 

The stability of β-NaYF4: Gd
3+

/ Tb
3+

 nanorods and DOX-conjugated β-NaYF4:  

Gd
3+

/ Tb
3+

 nanorods was studied in fetal bovine serum (FBS)  up to 3 days at 37 °C to 

mimic the physiological conditions. As shown in Figure 10 (a), the emission intensity of 

the β -NaYF4: Gd
3+

/ Tb
3+

 nanorods were hardly changed even over 60 h, indicating the 

significant stability of nanorods in the serum. The emission intensity is diminished by 
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only 5 % which is not a significant drop. This small drop might be due to interaction of 

organic molecules present in the serum with the surface of nanorods.  

In the same way, the DOX-conjugated β -NaYF4: Gd
3+

/ Tb
3+

 nanorods were also 

stable in the FBS (Figure 10 (b)). After 60 h of incubation in FBS, the maximal release of 

doxorubicin was amounted to be only 7.6 %, indicating that doxorubicin is significantly 

stably bound to the nanorods under the physiological conditions.   

 

Figure 10: Stability of (a) β-NaYF4: Gd
3+

/ Tb
3+

 and (b) DOX-conjugated β-NaYF4: Gd
3+

/ 

Tb
3+

 in FBS for 3 days at 37 °C. 

3.3.6. Controlled DOX release studies of DOX-conjugated β-NaYF4:Gd
3+

/ Tb
3+

 

nanorods 

We further studied the drug loading and release abilities of the DOX-conjugated β-

NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods through the pH-dependent cleavage of the 

hydrazone bond. The loading level of DOX in the nanorods is calculated to be 0.22 mg 

DOX/ β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 mg, which is determined by the characteristic DOX 

optical absorbance at 490 nm. The Figure 11 illustrates the DOX release profiles of β-

NaYF4:Gd
3+

/Tb
3+ 

-MPH-DOX conjugated nanorods in the PBS buffer solutions of 
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different pH values (pH 7.4 and 5.0) at 37 °C. It can be clearly seen that, the DOX release 

rate at acidic pH i.e. at pH 5.0 is much faster than that at pH 7.4.  

 

 

 

 

 

 

 

 

 

 

Figure 11: DOX release from DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+

 nanorods over the 

period of time in PBS buffer at pH 7.4 and pH 5.0. The DOX release rate at acidic pH i.e. 

at pH 5.0 is much faster than that at pH 7.4 due to cleavage of pH-sensitive hydrazone 

bond linkage at pH 5.0. 

Since the microenvironment of cancer cells is acidic (6.5 - 6.8), the pH-triggered 

drug delivery system can be considered as an smart drug carrier system in cancer therapy. 

The pH-triggered DOX release behavior in our system is acquired by conjugating DOX to 

PEI coated β-NaYF4:Gd
3+

/Tb
3+ 

nanorods via pH sensitive hydrazone bond linkage (β-

NaYF4:Gd
3+

/Tb
3+ 

-MPH-DOX), which is quite stable at normal physiological conditions 

i.e. at neutral pH (pH 7.4), but cleaves quickly in the acidic environment (pH 4.5-5.0). As 

observed from the Figure 10, DOX release rate markedly increased under the acidic 

conditions. More than ~ 52 % DOX released within 24 h and ~ 80 % of DOX released at 
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the later stage i.e. at 65 h at acidic pH (pH 5); however at neutral pH (pH 7.4) nearly less 

than ~ 38 % DOX released within 24 h and, only ~ 54 % of DOX released in 65 h. To 

validate that the DOX was loaded on the nanorods by conjugation with hydrazone bond, 

but not simply by the physical absorption and the DOX release is taking place by cleavage 

of hydrazone bond in the acidic pH, we performed a control experiment where we 

combined DOX and β-NaYF4: Gd
3+

/ Tb
3+ 

in methanol and allowed to react for 24 h, in 

dark condition and further processed in the same way as for β-NaYF4: Gd
3+

/ Tb
3+

-MPH-

DOX synthesis. The loading of the DOX on nanorods was checked by UV-vis 

spectrometer, but the characteristic signature absorbance band of the DOX (at 490 nm) 

was not observed. This indicates that the physical absorption of the DOX on the nanorod 

surfaces is negligible to render absorbance in the UV-vis spectrum. The release behaviour 

of DOX-nanorods incubated mixed solution was also studied. The Figure 12 demonstrates 

the release profile of DOX-nanorod mixture in PBS buffer solutions of different pH 

values (pH 7.4 and 5.0) at 37 °C.  

 

 

 

 

 

 

 

 

Figure 12: Release behavior of doxorubicin in the physically mixed solution of 

doxorubicin and β-NaYF4: Gd
3+

/ Tb
3+

 nanorods at different time interval in PBS buffer at 

pH 7.4 and pH 5. 
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It can be clearly seen that, the unbound or non-specifically bound DOX 

(physically absorbed DOX if present), is rapidly diffused or released within 4 h, 

indicating uncontrolled release behavior of DOX. The release rate at different pH is also 

hardly affected. On the other hand, β-NaYF4: Gd
3+

/ Tb
3+

-MPH-DOX showed controlled 

release kinetics (Figure 11) and minimal activity loss, which is important for targeted 

anticancer therapy. Further, we also confirmed the cleavage of hydrazone bond in DOX-

conjugated β-NaYF4: Gd
3+

/ Tb
3+

 by FTIR (ATR mode). The time dependent FTIR study 

of DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 in PBS buffer of pH 5 at 37 °C as a function of 

time was performed. As can be seen from Figure 13, the feature band of hydrazone bond 

(–C=N–) at ~ 1620 cm
-1

 and band of DOX at ~ 1380 cm
-1

 found to be gradually depleted 

with time. A broad and weak band appeared at ~ 1585 cm
-1

 in the late stage (~ 52 h) is 

might be due to presence of hydrazide group remained on the surface of nanorods after 

release of DOX.
34 

 

 

 

 

 

 

 

 

 

 

Figure 13: FT-IR spectra of DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 at different time 

intervals during dialysis in PBS at pH 5, showing cleavage of hydrazone bond. 
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These results implicate that the loss of drug from β-NaYF4: Gd
3+

/ Tb
3+ 

- MPH - 

DOX could be reduced during blood circulation at normal physiological environment (pH 

7.4), while the drug release can be accelerated into the acidic environment and 

prominently release at lysosomes and consequently inside the cancer cells. Thereby, the 

DOX conjugated to β-NaYF4: Gd
3+

/ Tb
3+ 

via pH-sensitive hydrazone bond may be 

effectively delivered and targeted to the tumor tissues and cancer cells by site-specific 

activation. It is well accepted that, as compared with the normal tissues, the tumors have 

acidic microenvironment, as tumor tend to accumulate high level of lactic acid due to 

anaerobic glycolysis.
25

 Meanwhile, the cellular uptake and internalization of weakly basic 

drug doxorubicin is reduced at low pH due to pH gradient. Moreover, doxorubicin exhibit 

poor distribution, development of drug resistance and harmful side effects such as 

systemic toxicity, cardiotoxicity, suppression of immune system etc.
24, 26

 Our present 

system β-NaYF4: Gd
3+

/ Tb
3+ 

- MPH - DOX, where doxorubicin is conjugated to β-NaYF4: 

Gd
3+

/ Tb
3+ 

via pH-sensitive hydrazone bond through MPH renders pH triggered targeted 

site activation DOX delivery by cleavage of hydrazone bond at pH 5.0 inside the tumor 

cells (scheme 4) and also significantly prevents the serious adverse effects and toxicity of 

DOX.  
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Scheme 4: A schematic representation of pH-triggered drug delivery system of DOX- 

conjugated β-NaYF4:Gd
3+

/Tb
3+

 nanorods showing the release of DOX inside the tumor 

cells via cleavage of pH sensitive hydrazone bond linkage at lysosomes (pH 4.5-5) and 

consequent internalization into the cells. 

3.3.7. Fluorescence resonance energy transfer (FRET) between β-NaYF4: Gd
3+

/ Tb
3+ 

nanoparticles and DOX 

 The DOX conjugated β-NaYF4: Gd
3+

/ Tb
3+ 

nanorods can also be applied as an 

optical probe to confirm the conjugation of DOX to β-NaYF4: Gd
3+

/ Tb
3+ 

and to monitor 

the release of DOX via fluorescence resonance energy transfer, also termed as Forster 

resonance energy transfer (FRET) between β-NaYF4: Gd
3+

/ Tb
3+

 and DOX. The 

luminescence of β-NaYF4: Gd
3+

/ Tb
3+ 

are quenched by DOX through energy transfer 
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between FRET pair. As shown in Figures 14 (a, b), the broad absorbance of DOX occurs 

between 450 nm to 550 nm, which overlaps the green emission of β-NaYF4: Gd
3+

/ Tb
3+ 

at 

488 nm and 540 nm. This spectral overlap enables the quenching of luminescence 

intensity of β-NaYF4: Gd
3+

/ Tb
3+ 

after the reaction with DOX (Figure 14 (c)). We can also 

monitor the release of DOX by FRET mechanism. It is well demonstrated that, the FRET 

process results from dipole-dipole interactions and thus FRET is extremely sensitive to 

distance between donor and acceptor, consequently FRET can effectively occur only 

when the donor and acceptor are in close proximity.
42, 43

 At pH 5.0, DOX has been 

released from β-NaYF4: Gd
3+

/ Tb
3+

 nanorods by cleavage of hydrazone bond and thus 

diffused away from the nanorods, which cease the FRET process. Therefore, we can 

register the increase in luminescence intensity of β-NaYF4: Gd
3+

/ Tb
3+

 with the gradual 

release of DOX (scheme 5). This is established by studying the photoluminescence 

spectra of DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 in PBS buffer of pH 5 at 37 °C as a 

function of time.  
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Figure 14: (a) The photoluminescence emission spectra of β-NaYF4:Gd
3+

/Tb
3+

 at λex= 

273 nm, and (b) the UV-vis absorption spectra of DOX showing a spectral overlap. (c) A 

comparison of the photoluminescence emission spectra of bare β-NaYF4:Gd
3+

/Tb
3+

 

nanorods, and β-NaYF4:Gd
3+

/Tb
3+

- DOX conjugates taken in same concentrations. It is 
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seen that due to FRET mechanism the emission intensity of phosphor nanorods comes 

down after conjugation with DOX. 

As shown in Figure 15 (a), the luminescence of β-NaYF4: Gd
3+

/ Tb
3+

 has 

gradually recovered along with the release of DOX. Moreover, the fluorescence of DOX 

conjugated β-NaYF4: Gd
3+

/ Tb
3+

 have also been considerably quenched as compare to 

free DOX, when excited at 490 nm (Figure 15 (b)).  

 

Figure 15: (a) The photoluminescence emission intensity of DOX conjugated - β-

NaYF4:Gd
3+

/Tb
3+

 nanorods as a function of DOX-release time at pH 5 and 37 °C in PBS 

buffer showing recovery of photoluminescence along with the release of DOX with 

increasing time by disabling FRET and (b) Photoluminescence spectra of free DOX and 

β-NaYF4:Gd
3+

/Tb
3+

- DOX conjugate solutions. 

In previous studies, it has been reported that, the fluorescence of DOX has been 

quenched due to hydrophobic interaction between the hydrocarbon chains of oxidized 

oleic acid on the nanoparticle surface and the anthraquinone ring of doxorubicin 

molecule.
44 

In another report, the quenching effect in DOX-NP conjugate was observed 

due to the intermolecular interactions between DOX molecules after its dense packing on 

the surface of nanoparticles.
45
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In present work, interaction between hydrazide group on nanorod’s surface and 

13- C carbonyl group of might have resulted in quenching of DOX fluorescence. Further, 

a detailed mechanism is required to be studied in future.  The FRET based detection probe 

for monitoring the DOX conjugation and release in the present system is represented by 

the following scheme 5: 

 

Scheme 5: Schematic representation of DOX conjugated-β-NaYF4:Gd
3+

/Tb
3+

 nanorod 

system as FRET based detection probe. 
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Bright field DOX β-NaYF4:Gd3+/Tb3+ Merge

3.3.8. Cellular uptake studies 

3.3.8.1. Cellular uptake studies by CLSM 

 The cell uptake process has been measured using confocal laser scanning 

microscopy (CLSM) after incubating β-NaYF4: Gd
3+

/ Tb
3+

-MPH-DOX nanorods with 

MCF-7 breast cancer cells in different time period. The green emission is from β-NaYF4: 

Gd
3+

/ Tb
3+

 nanorods and red fluorescence is from DOX. In the initial 30 min time period 

(Figures 16 A), very few nanorods could be taken up by the MCF-7 cells. It can be clearly 

seen that the accumulation of the red emitting particles (red fluorescence from DOX) are 

apparently increased after incubation of 2 h. After prolong incubation period of 8 h, 

increased fluorescence from DOX have been appeared inside the cells. Similarly, green 

emission was increased with prolonging time.  

 

Figure 16 (A): Confocal laser scanning microscopy (CLSM) images of MCF-7 cancer 

cells incubated with DOX-conjugated β-NaYF4:Gd
3+

/Tb
3+ 

nanorods for 30 min, 2 h, and 8 

(A) 
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MergePhase contrast β-NaYF4:Gd3+/Tb3+ 

h, at 37 °C. Emissions from β-NaYF4:Gd
3+

/Tb
3+

 (green colored) and DOX fluorescence 

(red colored) were recorded in the wavelength ranges of 500-550 nm and 500-600 nm. 

The scale bar is 10 μm. 

 

Figure 16 (B): Confocal laser scanning microscopy (CLSM) images of MCF-7 cancer 

cells incubated with β-NaYF4: Gd
3+

/ Tb
3+

 nanorods. The scale bar is 10 μm. 

Confocal laser scanning microscopy (CLSM) images of MCF-7 cancer cells 

incubated with β-NaYF4: Gd
3+

/ Tb
3+

 nanorods are also shown in Figure 16 (B). The green 

emission signals observed from β-NaYF4: Gd
3+

/ Tb
3+

 (Figure 16 (A) and 16 (B), 

demonstrates that these could also be used as an optical probe for imaging. These results 

indicated the efficient internalization of β-NaYF4: Gd
3+

/ Tb
3+

-MPH-DOX nanorods by the 

MCF-7 breast cancer cells. The red fluorescence from the released DOX was observed in 

both cytoplasm and the cell nucleus (Figure 17). CSLM images clearly shown time course 

increase in the fluorescence intensity of doxorubicin-conjugated β-NaYF4: Gd
3+

/ 

Tb
3+

which correlates to release of DOX inside the cell. Here, we predict that more 

doxorubicin release is due to the internalization of β-NaYF4: Gd
3+

/ Tb
3+

-MPH-DOX 

nanoparticles in different acidic compartments of cells such as endosomes and lysosomes 

where there is low pH ranging from (pH 4 - 6). The acidic environment cleaves the pH-

sensitive hydrazone bond to enable the release of doxorubicin. 

(B) 
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Figure 17: Confocal laser scanning microscopy (CLSM) images of MCF-7 cancer cells 

incubated with DOX-conjugated β-NaYF4:Gd
3+

/Tb
3+ 

nanorods for 30 min (a-c), 2 h (d-f), 

and 8 h (g-i) at 37 °C. The columns can be classified as (left) the nuclei of cells (being 

dyed in blue by DAPI for visualization), (middle) DOX-conjugated β-NaYF4:Gd
3+

/Tb
3+

 

nanorods and (right) a merge of the two channels of both.
 
 The red emission (591nm) is 

from DOX molecules. 
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Further to establish  the benefit of DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 

nanorods in targeting cancer cells, pH dependent uptake of free DOX and DOX-

conjugated β-NaYF4: Gd
3+

/ Tb
3+

 nanorods in MCF-7 breast cancer cell was further 

studied. We compared the cellular uptake of free DOX and DOX-conjugated β-NaYF4: 

Gd
3+

/ Tb
3+

 nanorods by confocal microscopy. Free DOX and β-NaYF4: Gd
3+

/ Tb
3+

-MPH-

DOX nanorods were incubated with MCF-7 breast cancer cells for different time period at 

pH 6.5, which mimic the tumor microenvironment where the pH is between 6.5 - 6.8. As 

can be clearly seen from Figure 18, the red fluorescence from DOX, i.e. the accumulation 

of DOX is increased when incubated with DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 

nanorods as compared to free DOX at pH 6.5.  

 

Figure 18: Cellular uptake of free doxorubicin in MCF-7 cancer cells at 30 min (a, c), 2 h 

(e, g), 8 h (i, k), and DOX-conjugated β-NaYF4:Gd
3+

/Tb
3+

 at 30 min (b, d), 2 h (f, h), 8 h 

(j, l), at pH 6.5, 37 °C. The lower row is corresponding merge images. 

The objective behind designing DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 (β-NaYF4: 

Gd
3+

/ Tb
3+

-MPH-DOX ) based drug delivery system is the sustained release of weakly 

basic DOX in an ideal acidic tumor microenvironment, as the native DOX cannot be 
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Control a

DOX-conjugated 

β-NaYF4:Gd3+/Tb3+ fDOX-conjugated 

β-NaYF4:Gd3+/Tb3+ 
e

Free DOX dFree DOX c

Control b

effectively taken up at acidic condition. It can be clearly seen that (Figure 18) DOX-

conjugated β-NaYF4: Gd
3+

/ Tb
3+

 could be able to work more effectively than free DOX at 

low pH. This indicates that in the present system, β-NaYF4: Gd
3+

/ Tb
3+

 nanorods when 

conjugated to DOX via hydrazone bond increase the cellular uptake and delivery of DOX 

in the tumor cells.  

3.3.8.2. Cellular uptake studies by flow cytometry 

 Flow cytometry analysis of free DOX and DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 

nanorods was further performed to confirm the uptake of DOX-conjugated β-NaYF4: 

Gd
3+

/ Tb
3+

 nanorods by the MCF-7 cells by means of measuring the fluorescence 

intensities of DOX in the cells. The β-NaYF4: Gd
3+

/ Tb
3+

-MPH-DOX nanorods were used 

to deliver DOX to the cells. Thus, the cell uptake degree of the β-NaYF4: Gd
3+

/ Tb
3+

-

MPH-DOX conjugate can be quantified using flow cytometry by determining the red 

fluorescence emitted from the released DOX.  

 

 

 

 

 

 

 

 

 

 

Figure 19: Flow cytometry analysis of MCF-7 breast cancer cells. (a, b) the control cells, 

(c, d) incubated with free DOX and, (e, f) incubated with DOX-conjugated β-
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NaYF4:Gd
3+

/Tb
3+

 nanorods for 4 h demonstrating the uptake of DOX conjugated β-

NaYF4: Gd
3+

/ Tb
3+

 by the MCF-7 cells.  

For flow cytometry analysis, the cells were seeded and incubated with free DOX 

and β-NaYF4: Gd
3+

/ Tb
3+

-MPH-DOX nanorods for 4 h. Single cell suspension were 

prepared and the fluorescence intensity of the control cells and the sample cells were 

measured. It can be clearly noted that, the amount of red fluorescence in sample cells 

(Figures 19 c, d and e, f) is much higher than the control cells (Figure 19 a, b).  

The flow cytometry results further confirmed that the β-NaYF4: Gd
3+

/ Tb
3+

-MPH-

DOX nanorods were taken up by MCF-7 breast cancer cells. Therefore, the DOX 

conjugated β-NaYF4: Gd
3+

/ Tb
3+

 nanorods enter and get internalized by the cancer cells 

and assemble into the cytoplasm. Meanwhile, the DOX is released from β-NaYF4: Gd
3+

/ 

Tb
3+

 nanorods by the cleavage of hydrazone bond into the nucleus and, consequently kill 

the cancer cells by causing DNA damage by intercalation, inhibition of nucleic acid and 

protein synthesis and disruption of DNA repair enzymes.
46, 47

    

3.3.9. In vivo studies 

The therapeutic efficacy of DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 nanorods were 

validated in SCID mice bearing a MDA-MB 231 tumor model. As a proof of principle 

experiments, the breast tumor-bearing mice were treated with β-NaYF4: Gd
3+

/ Tb
3+ 

and 

DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 and in vivo tumor regression studies were 

performed. The β-NaYF4: Gd
3+

/ Tb
3+ 

were taken as control vehicle. The doses were 2 

mg/Kg of body weight and monitored for 4 weeks. As can be clearly observed in figure 

20, tumor-bearing mice when treated with DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

, the 

tumor was significantly inhibited (size ~ 5 mm) as compared to control vehicle (size ~ 12 

mm), because of pH triggered targeted drug delivery system.  
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β-NaYF4:Gd3+/Tb3+ 

nanorods

DOX-conjugated β-NaYF4:Gd3+/Tb3+ 

nanorods

Dose: 2 mg/kg ; Time: 4 weeks: Tumor regression

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Representative photographs of tumors collected from the mice at the end of 

treatment (4 weeks) after treatment with β-NaYF4: Gd
3+

/ Tb
3+

 control vehicle and DOX-

conjugated β-NaYF4: Gd
3+

/ Tb
3+

. 

These results prove that β-NaYF4: Gd
3+

/ Tb
3+

 phosphors are the proper candidates 

for multimodal imaging tool along with drug carrier nanovehicle system.        

3.3.10. Magnetic measurements  

3.3.10.1. Magnetic mass susceptibility 

In addition to the excellent luminescence property, the amine functionalized β-

NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods as well as DOX-conjugated β-NaYF4: 15 % Gd
3+

/ 

5 % Tb
3+

 nanorods exhibited paramagnetism (Figure 21), which makes these nanorods 

suitable as dual modality optical-magnetic multifunctional nanophosphors. The Figures 

21 (a) and (b), shows the room temperature (RT) magnetization (M) as a function of the 
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applied magnetic field (H) for amine functionalized β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 

nanorods and DOX-conjugated β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods respectively. 

These nanorods exhibit typical paramagnetic behavior at 300 K and applied field in range 

from - 40 to + 40 kOe. The paramagnetic properties of the Gd
3+

 ions arise from seven 

unpaired inner 4f electrons, which are closely bound to the nucleus and effectively 

shielded from crystal field by the outer 5s
2
 5p

6
 shell electrons. Thus, it prohibits sufficient 

overlap of the orbital’s associated with the partially filled 4f electrons shells of the Gd
3+

 

ions necessary for ferromagnetism. It turns out that the magnetic moments associated with 

the Gd
3+

 ions are all localized and non-interacting giving rise to paramagnetism.
48

 

The room temperature magnetic mass susceptibility of amine functionalized β-

NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods and DOX-conjugated β-NaYF4: 15 % Gd
3+

/ 5 % 

Tb
3+

 nanorods are 3.83 X 10
-5

 emu g
-1 

Oe
-1

 and 2.49 X 10
-5

 emu g
-1 

Oe
-1

,
 
respectively. 

Furthermore, the magnetization of β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods and DOX-

conjugated β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 nanorods is ~ 0.76 emu g
-1

 and ~ 0.49 emu g
-1

, 

respectively at 20 k Oe. These values are close to the reported values of nanoparticles 

used very frequently for bioseperation and also successfully used as T1-MRI contrast 

agent.
33, 49 
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Figure 21: Magnetization as a function of applied field for (a) β-NaYF4:Gd
3+

/Tb
3+

 

nanorods and (b) β-NaYF4:Gd
3+

/Tb
3+

- DOX conjugate at room temperature showing 

paramagnetic behavior. The plot of 
1
H spin-lattice relaxation rate (1/T1) as a function of 

molar concentration (mM) of (c) β-NaYF4:Gd
3+

/Tb
3+

 nanorods and (d) β-

NaYF4:Gd
3+

/Tb
3+

- DOX conjugate at RT and 9.4 T. T1 weighted MRI images of (e) β-

NaYF4:Gd
3+

/Tb
3+

 nanorods and (f) β-NaYF4:Gd
3+

/Tb
3+

- DOX conjugate at various molar 

concentrations in water. Deionised water (0.00 mM) was taken as reference. 
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3.3.10.2. Longitudinal relaxivity and magnetic resonance imaging 

To further demonstrate the potential application of β-NaYF4: Gd
3+

/ Tb
3+

 nanorods 

as a MRI contrast agent, a series of β-NaYF4: Gd
3+

/ Tb
3+

 nanorods and DOX-conjugated 

β-NaYF4: Gd
3+

/ Tb
3+

 nanorods with different molar concentrations were used for the ionic 

longitudinal relaxivity (r1) study using the NMR spectrometer. From the slope of plot of 

1/T1 verses Gd
3+

 concentration (Figure 21 (c, d)), the relaxation rate 1/T1 (r1) value for the 

β-NaYF4: Gd
3+

/ Tb
3+

 nanorods and the DOX-conjugated β-NaYF4: Gd
3+

/ Tb
3+

 were 

determined to be 1.41 s
-1 

mM
-1

 and 1.02 s
-1 

mM
-1

 respectively. Figure 21 (e) and (f) shows 

typical T1-weighted MRI images of β-NaYF4: Gd
3+

/ Tb
3+

 nanorods and DOX-conjugated 

β-NaYF4: Gd
3+

/ Tb
3+

. The T1-weighted imaging for the samples was performed for 4 

different concentrations varying from 0.05 to 0.8 mM (water for the reference signal) on a 

3 T MR scanner. With the increasing concentration, the T1-weighted MRI signal intensity 

was clearly enhanced, thus showed positive enhancement effect, demonstrating that the β-

NaYF4: Gd
3+

/ Tb
3+ 

nanorods might be an effective T1-MRI contrast agent.  

 Therefore, the as-prepared amine functionalized β-NaYF4: 15 % Gd
3+

/ 5 % Tb
3+

 

are multifunctional nanorods with high luminescence properties and intrinsic 

paramagnetism, thus, these may find useful applications in bio-imaging, bio-separation 

and magnetic resonance imaging.    

3.4. Conclusion 

In summary, we have developed multi-modal probe based on PEI capped β-

NaYF4: Gd
3+

/Tb
3+

, which possess excellent photoluminescence as well as paramagnetic 

properties, making them suitable for optical bioimaging and MRI applications. A widely 

used anti-cancer drug, doxorubicin, was conjugated to PEI capped β-NaYF4: Gd
3+

/Tb
3+

 

via pH-sensitive hydrazone bond linkage. This system displays the pH-triggered drug 

delivery system, where the doxorubicin is released by cleavage of hydrazone bond in the 
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acidic microenvironment of tumor, which reduces the side-effects of chemotherapeutics. 

The pH dependent in vitro DOX release studies shown that, the DOX release at acidic pH 

are significantly faster than at pH 7.4.  Furthermore, the luminescence quenching of β-

NaYF4: Gd
3+

/Tb
3+

 by DOX due to FRET mechanism can be applied as optical probe to 

confirm the DOX conjugation and monitor the DOX release. Cell toxicity assays revealed 

that the PEI capped β-NaYF4: Gd
3+

/Tb
3+

 possess very low toxicity. Meanwhile, the in 

vitro cytotoxicity of DOX- conjugated β-NaYF4: Gd
3+

/Tb
3+

 on MCF-7 cancer cells 

exhibited comparable cellular toxicity with respect to free DOX. The cellular uptake of 

DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+

 by MCF-7 cells are established by confocal laser 

scanning microscopy study. The cellular uptake of DOX-conjugated β-NaYF4: Gd
3+

/Tb
3+

 

by MCF-7 cells were enhanced compared to free DOX at pH 6.5, which mimic tumor 

microenvironment. Along with high luminescence efficiency, the magnetic mass 

susceptibility of β-NaYF4: Gd
3+

/Tb
3+

 and longitudinal relaxivity (r1) were close to those 

of materials reported for MRI and bio-separation. It is expected that DOX-conjugated β-

NaYF4: Gd
3+

/Tb
3+

 combining pH-triggered drug delivery, efficient luminescence and 

paramagnetic properties promises as potential multifunctional platform for cancer 

theranostics, biodetection probe and imaging.  
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Outline  

In this research work, we developed a single multifunctional platform based on 

broad-spectrum photoactive β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 and mesoporous 

anatase TiO2 for enhanced energy and simultaneous biomedical applications. 

Currently, the photoactive materials for solar energy harvesting applications have 

limitations in their efficiency due to their narrow photon absorption spectrum. The 

up-conversion phosphor β-NaGdF4: Yb
3+

, Er
3+

 nanorods collect and harvest the 

NIR photons (~ 980 nm) of sunlight and transform into visible light via anti-Stokes 

emission (λem ~ 521 and ~ 540 nm), and the photoactive mesoporous anatase TiO2 

(mTiO2) utilizes UV and weak visible photons, thus the composite forms a broad 

spectrum photon-capture system and improved power conversion efficiency for 

enhanced applications in photocatalysis, and dye sensitized solar cells (DSSCs). 

The photocatalytic activity and solar cell efficiency of the nanocomposite showed 

an improvement over mTiO2. The nuclear magnetic resonance (NMR) 

measurements and magnetic resonance imaging of β-NaGdF4: Yb
3+

, Er
3+

/mTiO2 

nanocomposite revealed them to be suitable for simultaneous magnetoresonance 

imaging. The as-designed multifunctional β-NaGdF4:Yb
3+

, Er
3+

/mTiO2 

nanocomposite possessed simultaneous multiple discrete functionalities with 

excellent luminescence properties, intrinsic paramagnetism, biocompatibility, 

improved photocatalytic activity, and solar cell efficiency. This work provides a 

promising system to utilize NIR light, which will contribute to the efficient photon 

harvesting and biological applications. 
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4.1. Introduction 

For the applications such as water splitting, solar cells, and the dye-degradation based 

on photocatalysis process, it is challenging to design the materials for the broadband photon 

absorption for the increased efficiency. Usually, the photon absorbing species such as dye-

molecules, semiconductors (e.g. titania, perovskite materials, quantum dots etc.) work in a 

specific spectral range. The increase in the industrial waste water effluence into the rivers, 

containing highly toxic organic compounds generates by the untreated dyes from textile, 

leather, paint industries cause severe environmental issues worldwide.
1
 The photocatalysis is 

an effective and environment-friendly technique for the degradation of these toxic pollutants.
2
 

On the other hand, a considerable attention is also emerging towards enhancing the solar 

energy harvesting for the photovoltaic technologies such as the dye-sensitized solar cell 

(DSSC).
3
 In both of these important applications (and several others light based applications 

such as water splitting etc.) the TiO2 is undoubtedly the most widely utilized semiconductor 

due to favorable electronic properties, availability and stability etc.
4–6 

Among the four 

polymorphs of TiO2 (rutile, anatase, brookite and TiO2 (B)), anatase TiO2 shows the highest 

photocatalytic activity.
7
 However, unfortunately the wide bandgap of TiO2 (~ 3.2 eV) has 

limited its widespread applications.
8 ,9  

 The UV light occupies only ~ 5 % of solar-spectrum, 

whereas the percentages of visible light and near-infrared (NIR) light are about ~ 45 % and ~ 

50 %, respectively which allows only ~ 5 % of the solar energy impinging on the Earth’s 

surface to be utilized which limits the efficiency of pure TiO2.
10 

The schematic diagram 

representing solar energy distributions and various photoactive materials working in that 

particular region is represented in scheme 1. Methods such as doping with metallic/non-

metallic elements, surface modification, coupling with other semiconductors, dye-sensitizing, 
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TiO2

ZnO

N-TiO2

Fe-TiO2

Graphene /CNT 

modified TiO2

QD  (CdS) based

Squaraine dye

Cosensitization by two organic dyes

QD  (CdSe/PbS) based

UC/TiO2

inclusion of graphitic carbon etc., have been used which essentially modify the electronic 

structure of TiO2 thus extend and enhance the light absorption of TiO2 in visible and NIR 

regions.
 11–15

Although, the TiO2 absorption in visible and NIR range is adjusted by employing 

above-mentioned strategies, but the overall catalytic activity was found to decrease due to an 

increased recombination of photogenerated electrons and holes.
9
  

 

 

 

 

 

 

 

 

 

Scheme 1: Schematic representation of solar energy distribution in the solar spectrum and 

some of the photoactive materials efficient in respective regions. 

In addition to the conventional materials such as titania, the focus is shifted to other 

optically active materials to develop the composite with higher efficiency. Many new 

catalysts are also developed in an attempt to enhance the photocatalytic activity.
16, 17   

Some of 
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them include NaYF4: 5 % Tb microprisms, microrods and spindle-like strucutres
18

,
 
{001}-

faceted BiOCl single crystals
19

, and DyCrO3 nanoplatelets
20

. On the other hand, to achieve 

the NIR photon harvesting of the solar spectrum in DSSCs, novel dyes (e.g., thienothiophene 

and thiophene based dyes, changing of thiocyanate or bipyridyl ligands in Ru dyes, 

substituting osmium for ruthenium, using squarine dye and indoline based organic dyes), 

quantum dots (QDs) (e.g., CdSe, PbS, InP), and co-sensitizers have been reported.
21–23 

However, the organic dyes decompose relatively easily and QDs are quite sensitive to water 

and ions. Our group reported the template-free fabrication of highly oriented, single 

crystalline 1D-rutile TiO2-multiwalled carbon nanotube (MWCNT) composite film directly 

grown on a fluorine doped conducting oxide (FTO) substrate, which improved the transport 

of the electrons and resulted into the enhancement in the DSSC efficiency due to reduced 

grain boundary and exciton recombination.
24

  

Here, we investigate an alternative and effective way to harvest the larger part of the 

solar spectrum in photocatalysis and the photocurrent density in DSSCs by utilizing the 

upconverting phosphors in combination with the conventional materials such as titania and 

dye-molecules. These materials can transform the longer wavelength NIR photons to shorter 

wavelength UV and visible photons.
25

 Recently these optically active hybrid materials have 

found increasing interest also in the biomedical applications. Thus, this composite material 

can be used in drug delivery and cancer theranostics applications owing to high penetration 

depth of the NIR radiation. Here, titania gives an edge in drug delivery and cancer therapy by 

reactive oxygen species (ROS) production due to its high activity, stability, non-toxicity, 

however, low tissue penetration and UV photodamage limits its use. To overcome these 

issues, the composites of TiO2 with upconverting phosphor, N-TiO2 /NaYF4:Yb, Tm have 
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Energy harvesting

Photo

therapy

Drug delivery

Bio

sensing

been developed for NIR-triggered drug release and targeted cancer cell ablation.
26

 Since, 

under NIR light excitation, UCNPs are capable of emitting high-energy UV/visible light, 

UCNPs can activate surrounding photosensitizer (PS) molecules to produce singlet oxygen to 

kill cancer cells. Owing to the high tissue penetration depth of NIR light, NIR-excited 

UCNPs can be used to activate PS molecules in much deeper tissues compared to traditional 

PDT induced by visible or ultraviolet (UV) light. 
27,

 
28

 Thus, in our proposed composite 

system, anatase mTiO2 act as a photosensitizer molecule which can trigger the production of 

ROS by formation of electron-hole pair, upon activation by safe and deeper NIR excitation 

for PDT, as a future application. 

The development of multifunctional platforms for broad range of applications have 

geared tremendous progress towards the design and engineering of various functional 

materials with multiple discrete functions judiciously integrated in to form nanostructured 

composites.
29, 30

 The below scheme represents the same. 

 

 

 

 

 

Scheme 2: Schematic diagram showing design of single multifunctional platform with 

multiple discrete functionalities for various applications. 
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Here, it worth mentioning that the lanthanide-ion (Ln
3+

) doped up-/down-converting 

nanomaterials have received considerable attention due to their unique tunable electronic and 

magnetic properties that enable wide applications in optoelectronics, solid state lasers, 

security printing, biomedical diagnostics, sensors, catalysis and biological imaging.
31–34

 

However, their applications in the energy conversion is not frequently reported. The unique 

electronic/optical properties of the rare earth phosphors arise from the parity forbidden f-f 

transitions shielded by filled 5s and 5p orbitals and the phonon energy of the host lattice. 

Lanthanide-ion doped luminescent materials exhibit sharp emission, long luminescence-

lifetime (in ms), large and tunable Stokes and anti-Stokes shift, low autofluorescence and 

background noise, non-blinking feature and low toxicity.
35,36

 In particular, the up-conversion 

is a unique photoluminescence process that involves the conversion of lower energy (e.g. 

near-infra red (NIR)) photons into higher energy (e.g. visible or ultraviolet (UV)) photons.
37

 

The lattice structure (and its effect on the phonon energy, electronic levels) and morphology 

of the host matrix is quite important for the efficient electronic transition between rare earth 

energy levels. An appropriate host-lattice combination with low phonon-energy is desirable 

to minimize the non-radiative losses.
38 

Among various classes of rare-earth compounds (e.g. 

oxides, fluorides, phosphates, vanadates etc.), the rare earth fluorides, as host matrices, 

possess lowest phonon-energy (ca. 350 cm
-1

) of crystal lattice and wide band gap.
37, 39

 

Among the rare earth fluorides investigated so far, NaYF4 possesses lower phonon energy (   

360 cm
-1

), wider  an -gap (    e   an  high re ra ti e in e  
40, 41

 Thermodynamically stable 

hexagonal phase β-NaGdF4 is another efficient host matrix for the down-conversion (DC) and 

up-conversion (UC) luminescence processes due to half filled 4f orbital resulting in minimal 

non-radiative electronic transition.
42, 43

 Moreover, the Gd
3+

 substitution renders paramagnetic 
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properties, thus the Ln
3+

 doped β-NaGdF4 phosphors result in multifunctional luminescent-

magnetic probes.
42, 43

 

In this research work, we designed and fabricated a novel, multifunctional NIR active 

β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 mesoporous TiO2 (mTiO2) nanocomposite. We explored its 

applications in photocatalysis, photovoltaics and biomedical sciences. This composite is 

designed to significantly improve the photon absorption in broader area of the solar spectrum. 

The up-conversion phosphor β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 harvest NIR photons and 

induce anti-Stokes visible emission and the mTiO2 absorbs in the UV and weak visible 

spectrum, thereby improving broad photon capture and photon conversion efficiency (PCE). 

Moreover, the mesoporous TiO2 is expected to increase the photocatalytic activity by 

increasing the active sites and enhancing the dye-adsorption in the DSSCs.  Moreover, the 

mesoporous TiO2 can also enhance the drug loading for PDT and enhanced chemotherapy as 

combined therapy for the treatment of cancer. Simultaneously, the β-NaGdF4:Yb, Er UCNPs 

can endow luminescence-magnetic resonance imaging guided cancer therapy. In this study, 

the β -NaGdF4: Yb
3+

, Er
3+

/mTiO2 nanocomposite was characterized for various physical 

properties and its photoluminescence and magnetic properties were also investigated. The 

photocatalytic and photovoltaic properties of the β-NaGdF4: Yb
3+

, Er
3+

/mTiO2 

nanocomposite were also studied. To the best of our knowledge, for the first time we have 

proposed and designed a multifunctional β-NaGdF4: Yb
3+

, Er
3+

/mTiO2 nanocomposite as a 

single platform with simultaneous multiple discrete functionalities. 
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4.2. Materials and method 

4.2.1. Materials 

  All the chemicals were of analytical grade and were used as-received without any 

further purification. Gadolinium (III) nitrate hexahydrate (Gd(NO3)3.6H2O), ytterbium (III) 

nitrate hexahydrate (Yb(NO3)3.6H2O), and erbium (III) nitrate hexahydrate (Yb(NO3)3.6H2O)  

(purity ≥ 99  9 % , polyethyleneimine branched polymer (PEI, average MW ~ 25,000), and 

titanium butoxide were purchased from Sigma Aldrich Inc. Ammonium fluoride (NH4F) and 

sodium chloride (NaCl) were received from Thomas Baker Chemicals Pvt. Ltd. Absolute 

ethanol (purity ≥ 99 9 %  was o taine   rom Cympran Glu t B , Belgium  Deionize  water 

was used throughout the experiment. 

4.2.2. Synthesis 

4.2.2.1. One-pot synthesis of β-NaGdF4: 18 % Yb
3+

 , 2 % Er
3+

 

  In a typical procedure, Gd(NO3)3.6H2O, Yb(NO3)3.6H2O and Er(NO3)3.6H2O (0.2 M) 

were added to 10 mL NaCl solution (0.2 M). Under vigorous stirring, 20 mL of ethanol and 

10 mL of PEI solution (5 wt %) were added to the above solution. After stirring of 30 min, 

NH4F (0.5 M) was introduced into the above solution. After another agitation for several 

minutes, the solution was transferred into a stainless steel autoclave with Teflon liner of 80 

mL capacity, sealed and heated at 200 °C for 24 h. After that, the autoclave was cooled to the 

room temperature, and the resulting product was separated centrifugally and was washed with 

distilled water and absolute ethanol. Then, the product was dried under vacuum at 60 °C for 8 

h.  
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4.2.2.2. Synthesis of β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/mTiO2 composite 

  For a typical synthesis of (1:1) β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 / TiO2 

nanocomposite, 0.45 g of NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 nanoparticles were dispersed in 15 

mL ethanol with continuous stirring for 30 min. After that, 0.45 mL titanium tetra-n-butoxide 

was introduced dropwise to the suspension followed by another 30 min of magnetic stirring. 

Subsequently, ethanol/water (7.5 mL: 0.375 mL) solution was added dropwise to the 

suspension and which was stirred for 60 min. The resulting suspension was then transferred 

into a 25 mL capacity Teflon-lined stainless steel autoclave, sealed and heated at 190 °C for 

24 h. After that, the autoclave was cooled down to the room temperature, and the resulting 

product was separated centrifugally and was washed with distilled water and absolute 

ethanol. Then, the product was calcined at 250 °C for 1 h in ambient condition.  

4.2.2.3. Synthesis of mTiO2 

For a comparison, the mesoporous TiO2 was prepared by a similar process without the 

addition of β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 nanoparticles. 

4.2.3. Fabrication of DSSC 
 

To fabricate a solar cell, at first, the screen-printing-paste of mTiO2 and composite 

was prepared from their respective powders by following the method originally reported by 

the Gratzel’s group 
44

 The as-synthesized mTiO2 and composite paste was deposited on the 

FTO substrate and annealed in air at 400 °C for 30 min. The substrate was cooled-down to 80 

°C and immersed in a 0.5 mM ethanolic solution of N-719 dye for 24 h in order to enable 

sufficient adsorption of dye which acts as the sensitizer in the presence of light. After 

complete dye adsorption, the substrate was washed very carefully with ethanol and dried for 

1 h. After that, a platinum coated FTO substrate (which will be used as the counter electrode), 
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was placed above the dye adsorbed FTO substrate, and an electrolyte containing 0.6 M 1-

hexyl-2, 3- dimethylimidazolium iodide, 0.1 M LiI, 0.05 M I2, and 0.5 M 4- tert-

butylpyridine in methoxyacetonitrile was injected into the space between the anode and the 

cathode to complete the assembly of the DSSC. 

4.2.4. Spin relaxation measurement of β-NaGdF4: Yb
3+

, Er
3+ 

nanorods and β-NaGdF4: 

Yb
3+

, Er
3+

/mTiO2 composite as magnetic resonance imaging (MRI) contrast agents 

 For the solvent longitudinal relaxation times (T1) measurements, the samples were 

dispersed in D2O and the relaxivity values (r1) were measured by a standard inversion-

recovery pulse sequence on a Bruker Advance NMR spectrometer at 20 °C and 9.4 T (400 

MHz). The ability of proton relaxation enhancement of β-NaGdF4: Yb
3+

, Er
3+

 is expressed by 

the term ionic relaxivity r1, which is determined by the slope of following equation
 45

 in the 

units of mM
−1

 S
−1

: 

(1/T1)obs = (1/T1)d + r1[M] 

where, (1/T1)obs and (1/T1)d are the observed values in the presence and absence of the 

paramagnetic species (β-NaGdF4: Yb
3+

, Er
3+

) and [M] is the concentration of the β-NaGdF4: 

Yb
3+

, Er
3+

 nanorods.  

 To investigate the contrast enhancement effect, the T1-weighted magnetic resonance 

images were acquired at RT using a 3 T Philips MR scanner using Standard Spin-Echo (SE) 

sequence. Various concentrations of samples (0, 0.05, 0.25, 0.5, 0.8 mM) in water were 

placed in a series of 2 mL tubes for T1-weighted MRI images. The following parameters were 

adopted: repetition time (TR) = 500 ms, echo time (TE) = 9.4 ms, matrix size =128 pixels 

×128 pixels, field of view (FOV) = 90, number of signal averages = 2, and slice thickness = 3 

mm. 
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4.2.5. Characterization techniques 

The phase purity and crystallinity of the as-prepared samples were characterized by X-

ray diffraction (XRD) using a PANalyti al X’PERT PRO instrument an  the iron-filtered Cu- 

Kα ra iation (λ = 1 5406 Å  in the 2θ range o  10-80° with a step size of 0.02°. To further 

confirm the crystalline phase and formation of composite material, Raman spectroscopy 

measurements were recorded at room temperature on an HR 800 Raman spectrophotometer 

(Jobin Yvon, Horiba, France) equipped with achromatic Czerny-Turner type monochromator 

(800 mm focal-length) with silver treated mirrors. Monochromatic radiation emitted by a He-

Ne laser (633 nm) and 325 nm laser, operating at 20 mW was used. A detector with accuracy 

in the range between 450 and 850 nm of ± 1 cm
−1

, equipped with thermoelectrically cooled 

(with Peltier junctions), multi-channel, spectroscopic grade charge coupled detector (1024 × 

256 pi els o  26 μm  with  ark  urrent lower than 0 002 ele trons pi el
-1

 s
-1

 was used. To 

analyze the morphology of the samples, field emission scanning electron microscopy 

(FESEM: Hitachi S-4200) was done. Energy-dispersive X-ray analysis (EDXA) of the 

samples was performed during field emission scanning electron microscopy measurements to 

obtain the elemental composition of the samples. The specific structure details, morphology, 

and size were obtained by using FEI Tecnai F30 high resolution transmission electron 

microscope (HRTEM) equipped with a super-twin lens (s-twin) operated at 300 keV 

accelerating voltage with Schottky field emitter source with maximum beam current (> 100 

nA) and small energy spread (0.8 eV or less). The point-to-point resolution of the microscope 

is 0.20 nm and line resolution of 0.102 nm with a spherical aberration of 1.2 mm and 

chromatic aberration of 1.4 mm with 70 m objective aperture size. The powder samples 
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obtained were dispersed in ethanol and then drop-casted on carbon-coated copper TEM grids 

with 200 mesh and loaded to a single tilt sample holder. 

The optical properties of the as-synthesized samples were investigated by a Jasco UV-

vis-NIR (Model V570) dual beam spectrometer operated at a resolution of 2 nm. The up-

conversion emission spectra were obtained using an ACTON SP2300 spectrometer attached 

to a PMT under 980 nm CW diode laser excitations. Lifetime measurements were carried by 

using an Edinburgh Instruments FLSP 920 system, having a 60 W microsecond flash lamp as 

the excitation source under 980 nm pulse laser excitation. Brunauer−Emmett−Teller (BET  

surface area and porosity analysis were measured by using Quantachrome surface area 

analyzer under N2 atmosphere. Fourier transform infrared spectrum (FTIR) was recorded by 

FTIR – 8300 Fourier transform infrared spectrophotometer (SHIMADZU). Magnetic 

property measurements of samples were performed using VSM (Vibrating Sample 

Magnetometer) attachment physical property measurement system (PPMS) from Quantum 

Design Inc., San Diego, CA, equipped with a 9 T superconducting magnet For dc magnetic 

measurements, the samples were precisely weighed and packed inside a plastic sample holder 

which fit into a brass sample holder with negligible contribution in the overall magnetic 

signal. The M−H loops were collected at a rate of 75 Oe/s in a field sweep from −40 to 40 

kOe at the  i rating  requen y o  40 Hz  Current− oltage  hara teristi s were  al ulated by 

irradiating the cell with 100 mW/cm
2
 (450 W xenon lamp, Oriel instrument); 1 sun AM 1.5 G 

filter was used to simulate the solar spectrum. The active area of the cell was 0.5 cm
2
. The 

photocurrent was measured by using a Series 2400 Source Measure Unit from Keithley 

Instruments, Inc., Cleveland, Ohio. 
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4.3. Result and discussion 

4.3.1. Phase and morphology characterization 

The composition, crystallinity and phase purity of the as-prepared samples were first 

examined by XRD. The Figure 1 compares, typical XRD patterns of the as-synthesized (1) 

NaGdF4: 18 % Yb
3+

, 2 % Er
3+

, (2) TiO2, and (3) NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ TiO2 

nanocomposite. The sharp diffraction peaks of the NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 (Figure 1 

(a)) can be indexed to the pure hexagonal phase β-NaGdF4 (space group: P63/m). The 

calculated lattice parameters are a =6.0 Å, c =3.6 Å, which is in good agreement with the 

reported data (JCPDS no. 27-0699). The absence of any secondary phase in the XRD 

patterns indicates the high purity of as-prepared samples. This also reveals that, the Yb
3+

and 

Er
3+

 ions have been effectively doped into the β-NaGdF4 host lattice. The diffraction peaks 

of the TiO2 (Figure 1 (b)) can be indexed to pure anatase phase (space group: I41). The 

calculated lattice parameters are a = 3.7 Å, c = 9.5 Å, which are consistent with reported 

data (JCPDS no. 89-4921). As shown in the XRD pattern of β-NaGdF4: 18 % Yb
3+

, 2 % 

Er
3+

/ TiO2 nanocomposite (Figure 1 (c)), the characteristic diffraction peaks of anatase 

phase TiO2 are observed, and also the β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 still maintains the 

pure hexagonal phase structure. 
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Figure 1: The XRD patterns of (a) Pure β-NaGdF4:Yb
3+

,Er
3+  

(b) Pure mTiO2, and (c) β-

NaGdF4:Yb
3+

,Er
3+ 

/mTiO2 nanocomposite and the standard data of hexagonal β-NaGdF4 

(JCPDS- 27-0699) and anatase TiO2 (JCPDS- 89-4921) as a reference. The nanocomposite 

exhibits diffraction peaks of both β-NaGdF4:Yb
3+

, Er
3+

 (*) and mTiO2 (#). 

The size, shape and structure of the as-prepared samples were characterized by 

FESEM and TEM (Figures 2 and 3). As shown in Figures 2 (a) and 3 (a), β-NaGdF4: 18 % 

Yb
3+

, 2 % Er
3+

 crystals possess highly monodispersed rod-shape structure with an average 
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diameter ~ 100 nm and length of ~ 300 nm. The TiO2 particles have quasi-spherical structure 

with average size of ~ 40 nm (Figures 2 (b) and 3 (b)). The images of β-NaGdF4: 18 % Yb
3+

, 

2 % Er
3+

/ mTiO2 nanocomposite (Figures 2 (c) and 3 (c)) possesses TiO2 nanoparticles 

dispersed around the β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 nanorods.  

 

Figure 2: The FESEM images of (a) β-NaGdF4:Yb
3+

,Er
3+  

(b) mTiO2, (c) β-

NaGdF4:Yb
3+

,Er
3+ 

/mTiO2 nanocomposite, and (d) Zoom view of the image (c) shown by 

arrows. 

The high resolution TEM (HRTEM) images of β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 

(Figure 3 (d)), TiO2 (Figure 3 (e)) and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ TiO2 nanocomposite 

(Figure 3 (f)) reveal highly crystalline nature of the as-prepared products which is consequent 

with the XRD patterns. The lattice fringes with interplanar spacing of 0.18 nm and 0.21 nm 

were ascribed to (200) and (201) planes of anatase TiO2 nanoparticles and hexagonal phase β-

1 μm

mTiO2

1 μm

bβ-NaGdF4:Yb3+,Er3+ 

1 μm

c β-NaGdF4:Yb3+,Er3+ /mTiO2

composite
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d β-NaGdF4:Yb3+,Er3+ /mTiO2

composite

a
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NaGdF4: 18 % Yb
3+

, 2 % Er
3+ 

nanorods, respectively. The HRTEM image of β-NaGdF4: 18 

% Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite shows lattice fringes from both mTiO2 

nanoparticles (d (004) = 0.23 nm) and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+ 

nanorods (d (101) = 

0.29 nm).  

 

 

 

 

 

 

 

 

Figure 3: The TEM images of (a) Pure β-NaGdF4:Yb
3+

, Er
3+  

(b) Pure mTiO2, (c) β-

NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nanocomposite. (d, e, f) are corresponding HRTEM images. The 

TEM image of nanocomposite clearly shows mTiO2 nanoparticles distributed on and around 

β-NaGdF4:Yb
3+

, Er
3+ 

nanorods. The nanocomposite is highly crystalline and possesses 

fringes of both β-NaGdF4:Yb
3+

, Er
3+ 

nanorods and TiO2 nanospheres. 

The EDX elemental analysis of the β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 

nanocomposite (Figure 4) shows that the Na, Gd, F, Yb, Er, Ti and O were detected in the 

nanocomposite.  
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Figure 4: Element mapping and EDAX spectrum of the β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 

nanocomposite. 
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4.3.2. Surface properties 

4.3.2.1. Surface functionalization 

The surfaces-capping of upconverting β-NaGdF4: Yb
3+

, Er
3+ 

nanorods was done in 

situ (during the synthesis itself) by using a cationic polymer, polyethyleneimine (PEI).  The 

polyethyleneimine is a stable, water dispersible and biocompatible polymer and thus 

considered as a versatile effective polymer for drug delivery applications.
46, 47

  The surface 

properties of PEI-coated β-NaGdF4: Yb
3+

, Er
3+ 

samples were studied by Zeta potential and 

FTIR  The ζ-potential of β-NaGdF4: Yb
3+

, Er
3+ 

nanorods in the aqueous medium (pH=7) was 

measured to be + 45 mV, indicating the successful capping of PEI. Owing to the presence of 

free amino group at the surface, the nanorods were readily dispersed in water to form a stable 

and visibly transparent suspension  The ζ-potentials of as-prepared mTiO2 and PEI-capped β-

NaGdF4:Yb
3+

, Er
3+

/ mTiO2 nanocomposite were determined to be + 31 mV and + 24 mV 

respectively.  

Figure 5 shows the FTIR spectrum of amine functionalized β-NaGdF4:Yb
3+

, Er
3+

, 

pristine mTiO2 and PEI-capped β-NaGdF4:Yb
3+

, Er
3+

/ mTiO2 nanocomposite. The PEI 

capped β-NaGdF4:Yb
3+

, Er
3+ 

nanorods exhibited two weak absorption bands (Figure 5 (a)) at 

2924 cm
-1 

and 2857 cm
-1 

corresponding to asymmetric and symmetric stretching vibrations of 

C-H bond respectively. The IR-bands centered at 1630 cm
-1

 and 1382 cm
-1

 were observed, 

which can be attributed to the N-H bending mode of amino group (-NH2) and N-H stretching 

vibration of amide bonds, thereby revealing the capping of PEI on the surface of nanorods.
48 , 

49 
Meanwhile, the sharp absorption bands centered at 1528 cm

-1
 were attributed to the free 

amine groups present on the surface of nanorods.
50
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Figure 5: The comparative FT-IR spectra of (a) β-NaGdF4:Yb
3+

,Er
3+  

(b) mTiO2, (c) β-

NaGdF4:Yb
3+

,Er
3+ 

/mTiO2 nanocomposite. The FTIR spectrum of nanocomposite exhibits 

absorption bands of amine group vibrations as well as Ti-O-Ti vibrations. 

The band located at 746 cm
-1

 is due to titanium oxide (Figure 5 (b)) and is assigned to 

Ti-O-Ti stretching vibration. The absorption band at 1401 cm
-1

 is attributed to the lattice 

vibrations of TiO2. The sharp absorption band centered at 1626 cm
-1

 is due to bending 

vibration of Ti-OH.
51

 Figure 5 (c), shows FTIR spectrum of β-NaGdF4: Yb
3+

, Er
3+

/ mTiO2 

nanocomposite, which clearly exhibits the absorption band at 1382 cm
-1

 for amide bond 

vibrations characteristic of amine functionalized β-NaGdF4 and also the absorption band 

centered at 755 cm
-1

 for Ti-O-Ti vibration characteristic of pristine TiO2.  
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4.3.2.2. Surface area and porosity 

The Brunauer−Emmett−Teller (BET  specific surface area and porosity of TiO2 was 

investigated by using the N2 adsorption–desorption isotherm analysis. As shown in Figure 6, 

the as-prepared TiO2 exhibited a typical IV isotherm with H2 type hysteresis loop and 

indicating the presence of mesoporous structure according to the IUPAC classification, 

generated from the capillary condensation in mesopores.
52 , 53 

Using multipoint BET method, 

the measured BET specific surface area values of TiO2 found to be ~ 100 m
2
 g

-1
, and pore 

size ~ 3.8 nm. Herein, we can therefore conclude that, the as-prepared TiO2 is mesoporous in 

nature (mTiO2). The mesoporous materials are advantageous due to their distinctive 

properties such as high surface area and uniform pore size distribution, which is beneficial for 

applications in photocatalysis and solar cells. 

 

 

 

 

 

 

 

 

 

Figure 6: Nitrogen adsorption–desorption isotherms of as prepared TiO2. 
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4.3.2.3. Phonon modes 

To further explore the local structure of β-NaGdF4: Yb
3+

, Er
3+

/ mTiO2 nanocomposite, 

Raman spectroscopy was used to analyze the vibrational properties of the sample. Figure 7 

(A), shows the comparative Raman spectra of β-NaGdF4: Yb
3+

, Er
3+

, mTiO2 and β-NaGdF4: 

Yb
3+

, Er
3+

/ mTiO2 nanocomposite. The Raman spectra of these samples have been recorded 

under two laser excitation lines; 633 nm and 325 nm. For pristine TiO2, 633 nm and for 

pristine β-NaGdF4: Yb
3+

, Er
3+ 

325 nm excitation is used. Raman spectra of β-NaGdF4: Yb
3+

, 

Er
3+

/ mTiO2 nanocomposite was studied under both 633 nm and 325 nm excitations.  

 

 

 

 

 

 

 

 

 

Figure 7 (A): The comparative Raman spectra of β-NaGdF4:Yb
3+

, Er
3+

,
 
mTiO2 and β-

NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nanocomposite. 

The Raman spectra of TiO2 clearly exhibit six Raman bands at 144 cm
-1

 (Eg), 197 cm
-

1
 (Eg), 396 cm

-1
 (B1g), 514 cm

-1
 (A1g), 519 cm

-1
 (B1g), and 638 cm

-1
 (Eg) characteristics of 
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pure anatase phase TiO2.
13

 The Raman spectra of β-NaGdF4: Yb
3+

, Er
3+

 revealed phonon 

bands of NaGdF4. The strongest phonon modes were observed at ~ 308, ~ 319, ~ 359, ~ 400 

cm
-1

, which are in fair agreement with the reported values for NaLnF4.
54, 43

 These Raman 

bands are attributed to the host lattice vibrations of Gd-F and Na-F distances, bond strength 

and vibration features.
55

 The average weighted position of the band system was observed to 

be ~ 347 cm
-1

. This corresponding phonon energy is low as compare to other fluoride host 

lattices such as LiYF4 (570 cm
-1

)
56

, suggesting the fact that NaGdF4 is an efficient host lattice 

for enhanced up-conversion luminescence. The Raman spectra of β-NaGdF4: Yb
3+

, Er
3+

/ 

mTiO2 nanocomposite at excitation wavelength line 633 nm, also exhibit characteristic 

Raman bands of anatase TiO2. At excitation wavelength line 325 nm as shown in Figure 7 

(B), the characteristic Raman bands of NaGdF4 and anatase TiO2 overlapped rendering a 

broad band between 150 and 450 cm
-1

. The 519 cm
-1

 (B1g), and 638 cm
-1

 (Eg) Raman bands 

of TiO2 are slightly shifted to higher wavenumbers.  

 

 

 

 

 

Figure 7 (B): The Raman spectra of β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nanocomposite at 

excitation wavelength line 325 nm. 
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4.3.3. Optical properties 

4.3.3.1. UV-vis-NIR absorption spectra analysis 

The typical UV-vis-NIR absorption spectra of β-NaGdF4: Yb
3+

, Er
3+

, mTiO2 and β-

NaGdF4: Yb
3+

, Er
3+

/ mTiO2 nanocomposite are compared in Figure 8. The absorption spectra 

of β-NaGdF4: Yb
3+

, Er
3+

 show the relatively wide absorption range of ~ 100 nm at the NIR 

region ~ 980 nm, corresponds to the absorption of Yb
3+

.This large absorption cross section 

from about 900 to 1100 nm, overlaps one of the maximum NIR energy distribution ranges of 

sunlight. The pure mTiO2 exhibits an absorption edge at ~ 400 nm corresponding to its 

bandgap and also exhibits weak absorption in visible region upto about 600 nm. This visible 

light absorption is due to the carbon doping into the TiO2 lattice during calcinations; wherein 

the titanium butoxide precursor serves as a carbon source, which contributes to the mid-band 

gap electronic states in TiO2.
57, 58 

When mTiO2 was combined with β-NaGdF4: Yb
3+

, Er
3+

, the 

β-NaGdF4: Yb
3+

, Er
3+

/ mTiO2 nanocomposite represented a combination of strong UV 

absorption and weak visible absorption (due to TiO2) alongwith the NIR light absorption 

band (due to β-NaGdF4: Yb
3+

, Er
3+

) at ~ 980 nm.   
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Figure 8: The UV-vis-NIR absorption spectra of β-NaGdF4:Yb
3+

, Er
3+

, mTiO2, and β-

NaGdF4:Yb
3+

, Er
3+

/mTiO2 nanocomposite. Pure β-NaGdF4:Yb
3+

, Er
3+

 and β-NaGdF4:Yb
3+

, 

Er
3+ 

/mTiO2 nanocomposite shows sharp absorption band at 980 nm. 

Therefore, from the UV-vis-NIR absorption spectra it can be speculated that after 

absorbing the NIR photons, β-NaGdF4: Yb
3+

, Er
3+ 

can emit UV and visible light via up-

conversion process that can be absorbed by anatase TiO2 which are dispersed around β-

NaGdF4: Yb
3+

, Er
3+

 via an energy transfer between them. These characters indicate that the 

material can definitely enhance the utilization rate of solar energy in photocatalysis as well as 

in solar cells. 
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4.3.3.2. Up-conversion static luminescence properties of the nanocomposite 

The Yb
3+

, Er
3+

 co-doped phosphors based on hexagonal phase fluoride host matrix 

show most efficient green and blue up-conversion luminescence.
37

 The up-conversion 

process involves conversion of low energy photons to higher energy photon through 

sequential absorption of two or more photons and energy transfer. The energy separation of 

the 
2
F7/2 ground state of Yb

3+ 
and its 

2
F5/2 excited state matches well the transition energy 

between the 
4
I11/2 and 

4
I15/2 states and also the 

4
F7/2 and 

4
I11/2 states of Er

3+
, thus allowing for 

efficient (quasi-) resonant energy transfer between the two ions.
37

 The Figure 9 compares the 

up-conversion photoluminescence (PL) spectra of β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

, mTiO2, 

and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite under 980 nm laser excitation 

and fluorescence spectrum of mTiO2 at 380 nm excitation . It can be evidently seen that, in β- 

NaGdF4: 18 % Yb
3+

, 2 % Er
3+ 

and NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite 

samples, the peak-positions in the emission spectra remain similar, and the bands differ only 

in their relative intensities. The emission spectrum monitored under the excitation of 980 nm 

NIR laser, β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 emits intense green up-conversion luminescence. 

The spectra display four distinct Er
3+

 emission bands. The weak violet emission peak at ~ 408 

nm is assigned to electronic transition from 
2
H9/2  

4
I15/2. The emission peaks at ~ 521 and ~ 

540 nm in the green region are assigned to transitions from 
2
H11/2 and 

4
S3/2 to 

4
I15/2. The red 

emission peak at ~ 655 nm, results from 
4
F9/2   

4
I15/2 transition.

59
 Furthermore, both the 

samples exhibit a strong green-to-red emission ratio. The mTiO2 rendered fluorescence 

emission band at ~ 532 nm and a small shoulder at ~ 445 nm respectively under 380 nm 

excitation, and when the emission spectrum of mTiO2 was monitored under the excitation of 

980 nm NIR laser, no emission band is observed. This means that, the up-conversion 
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luminescence in β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nanocomposite under 980 nm excitation is 

truly from β-NaGdF4:Yb
3+

, Er
3+ 

component.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: The comparison of static photoluminescence spectra of β-NaGdF4:Yb
3+

, Er
3+

, 

mTiO2, and β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nano omposite un er λex= 980 nm laser excitation 

and fluorescence spectra of mTiO2 un er λex= 380 nm. 

The emission intensities of the β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 

nanocomposite decrease to certain degree in comparison with the pristine up-conversion 

spectrum of β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

. The calculated light emission intensity ratios of 

the emission peak at 521 nm, 540 nm, and 655 nm of pure β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 

and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite are ~ 1.80, ~ 1.38, and ~ 1.83, 

respectively.  This spectral change should be due to the introduction of mTiO2 nanoparticles 
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which may absorb the emitted light to some extent resulting in the diminution of emission 

light intensity. 

4.3.3.3. Time resolved luminescence properties 

This conclusion is further supported by time-resolved dynamic curves of Er
3+

 ions. 

The luminescence decay curves of Er
3+

 ions for the 
4
S3/2 

 


 4
I15/2 (λex = 9 0 nm, λem = 540 

nm; green) and 
4
F9/2   

4
I15/2 (λex = 9 0 nm, λem = 654 nm; red) emission transition in β-

NaGdF4:Yb
3+

, Er
3+ 

and β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nanocomposite were recorded at 980 nm 

laser excitation, as shown in Figure 10. As can be seen from Table 1, the luminescence 

lifetime time of nanocomposite is decreased as compared to β-NaGdF4:Yb
3+

, Er
3+

. The decay 

times of the 
4
S3/2 

 


 4
I15/2 (λex = 9 0 nm, λem = 540 nm; green) and 

4
F9/2   

4
I15/2 (λex = 980 

nm, λem = 654 nm; red) emission transition decreased from 0.15, and 0.36 ms in pure β-

NaGdF4:Yb
3+

, Er
3+

 to 0.10, and 0.29 ms, respectively, in β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 

nanocomposite. This o  urs  e ause, the li etime o  e  ite  state, τ  epen s o  the ra iati e 

transition rate (WR), non-radiative transition rate (WNR) and energy transfer rate, which can 

be expressed as τ = 1/(WR + WNR + WET). Thus, the presence of anatase mTiO2 around β-

NaGdF4:Yb
3+

, Er
3+

, creates non-radiative energy transfer from the excited state of Er
3+

 ions to 

mTiO2. Such an additional energy transfer process accelerated the relaxation of the excited 

state of Er
3+

, leading to the reduction of the luminescence lifetime.
60
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Sample

(λex = 980 nm)

Lifetime  (ms)

4S3/2 
4I15/2

(λem = 540 nm)

4F9/2  
4I15/2

(λem = 654 nm)

β-NaGdF4: Yb3+, Er3+ 0.15                                       0.36

β-NaGdF4: Yb3+, Er3+/ mTiO2

nanocomposite

0.10                                       0.29
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Table 1: The luminescence lifetime values of Er
3+

 ions for the 
4
S3/2 

 


 4
I15/2 (λex = 980 nm, 

λem = 540 nm; green) and 
4
F9/2   

4
I15/2 (λex = 9 0 nm, λem = 654 nm; red) emission transition 

in β-NaGdF4:Yb
3+

, Er
3+ 

and β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nanocomposite at 980 nm laser 

excitation. 

 

 

 

 

 

 

 

Figure 10: The Luminescence dynamic curves for the 
4
S3/2 

 


 4
I15/2 (λex = 9 0 nm, λem = 540 

nm) and 
4
F9/2   

4
I15/2 (λex = 9 0 nm, λem = 654 nm) emission of Er

3+
 in (a, b) β-

NaGdF4:Yb
3+

, Er
3+ 

and (c, d) β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nanocomposite. 
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4.3.4. Photocatalysis properties 

4.3.4.1. Photocatalytic activity    

The Photocatalytic measurements were performed by exposing the β-NaGdF4: 18 % 

Yb
3+

/ 2 % Er
3+

 nanorods, mTiO2 and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite 

to the direct sunlight irradiation to test the material in actual working conditions which cannot 

be truly simulated in the lab environment. For this purpose, we studied the degradation 

behavior of rhodamine B (RhB) and dye mixture containing equivalent rhodamine B (RhB), 

methylene blue (MB) and malachite green (MG). The study of degradation behavior of dye-

mixture is significant because the industrial and textile wastewater consist of mixture of 

various dyes. The sample suspensions were kept in dark overnight for adsorption-desorption 

to reach the equilibrium. The photocatalytic experiments were performed on 14 April 2015 in 

Pune, In ia (latitu e: 1 °32ʹ25 3ʺN & longitu e: 73°4 ʹ42 3ʺE   rom 11:00 AM (Sun’s 

altitude: 51°, heading 149° SSE) to 12:00 PM (Sun’s altitu e: 55°, hea ing 172° S   The 

temperature was ~ 30 °C.  The UV-visible absorbance spectra for the degradation of 

rhodamine B (RhB) and dye-mixture, catalyzed by β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 

nanocomposite, are compared in the Figure 11. The degradation of dyes was observed 

through the reduction in the absorbance peak intensity with an increase in the irradiation 

time. The kinetics of the reaction was plotted as (C/C0) against time (t), where C0 is the initial 

concentration and C is the final concentration of different dyes (Figure 12 (a)). The 

characteristic absorbance peaks of RhB (λ~ 554 nm) and dye mixture (~ 617 nm and ~ 554 

nm) were used as references for the photocatalytic degradation for respective dyes. The 

photocatalytic efficiency of the nanocomposite can be evaluated by calculating the time-

dependent (C/C0) ratio of the dye and compared with the blank sample (as control), mTiO2, 
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and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 nanorods. It can be seen from Figure 12 (a) that the 

photocatalytic activity of the β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite is 

higher than that of the other samples. The blank test confirms that RhB and dye mixture is 

quite stable. In the absence of the catalyst, no obvious change in the concentration of RhB 

and dye mixture concentration is observed after the irradiation for 50 min.  

 

Figure 11: Photocatalytic activity of β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nanocomposite for (a) 

rhodamine-B and (b) dye mixture, under solar light irradiation for 50 min. 

The chromophore of the RhB gets almost completely degraded (~ 99 %) in presence 

of the β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite under the sunlight irradiation 

for 50 min whereas, β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

 and mTiO2 degraded ~ 25 % and ~ 88 % 

respectively under similar condition. The nanocomposite also efficiently degraded dye-

mixture down to ~ 89 % in 50 min. In comparison with the carbon doped mesoporous TiO2, 

which is a well-known benchmark catalyst, the photocatalytic activity of the β-NaGdF4: 18 % 

Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite is higher (~ 20 %). It is worth noting that the 
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photocatalytic efficiency of the nanocomposite is comparable and higher than the reported 

values for composites.
2, 61, 62

 

The photocatalytic degradation kinetics was studied; the degradation of dyes follows 

apparent first order kinetics according to Langmuir-Hinshelwood (L-H) model, which is well-

established for heterogeneous photocatalyst at low dye concentration.
63 

The relevant equation 

is 

  (
  
 
)     

where C0 is the initial concentration of the dye, C is the concentration of the dye after 

illumination time t and k is the apparent rate constant.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Plots of (a) dye concentrations (C/C0) vs. time and, (b) plot of ln(C0/C) vs. time 

first order reaction kinetics graph showing photodegradation of rhodamine B by β-
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NaGdF4:Yb
3+

, Er
3+

, mTiO2, and β-NaGdF4:Yb
3+

, Er
3+

/mTiO2 nanocomposite and 

photodegradation of dye mixture by  β-NaGdF4:Yb
3+

, Er
3+ 

/mTiO2 nanocomposite under solar 

light irradiation for 50 min. 

As shown in the Figure 12 (b), the photocatalytic degradation of RhB catalyzed by the 

as-prepared samples fits well a first order reaction kinetics. A plot of ln (C0/C) vs. t provides 

a slope value, which is the rate constant (k) of the dye degradation by the samples. The k-

value of  RhB degradation by β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

, mTiO2, and β-NaGdF4: 18 % 

Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite was ~ 4.66 x 10
-3

 min
-1

, ~ 4.16 x 10
-2

 min
-1 

and ~ 1.02 

x 10
-1

 min
-1 

respectively. The k value for the degradation of dye mixture by the 

nanocomposite was ~ 3.38 x 10
-2

 min
-2

. The high rate constant of the β-NaGdF4: 18 % Yb
3+

, 

2 % Er
3+

/ mTiO2 nanocomposite further suggest its high photocatalytic activity. 

4.3.4.2. Photocatalytic mineralization of dye by nanocomposite    

 In order to assess the degree of mineralization reached during the photocatalytic 

treatment the formation of CO2 and inorganic ions is generally determined. The 

determination of total organic carbon (TOC) of the irradiated solution is generally used for 

monitoring the mineralization of the dye. Changes in the TOC values reflect the degree of 

degradation or mineralization of nanocomposite-sample dye suspension during the irradiation 

period. The TOC analysis of the RhB dye solution in presence of β-NaGdF4:Yb
3+

, Er
3+

/ 

mTiO2 nanocomposite was performed using TOC analyzer. Total Organic Carbon (TOC) 

removal for the irradiated nanocomposite/RhB suspension is ~ 50 %, i.e. decreased indicating 

that the mineralization of RhB occurs during the decomposition of the chromophore of RhB. 

This is due to the fact that, in general TOC values decrease with increase in irradiation time 

whereas the amount of NH4
+
 and NO3

− ions increase with increase in irradiation time. 
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4.3.4.3. Mechanism of photocatalysis by nanocomposite    

The mechanism of NIR driven photocatalysis of the β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ 

mTiO2 nanocomposite is described in the Figure 13. The up-conversion phosphor β-NaGdF4: 

18 % Yb
3+

, 2 % Er
3+

 absorbs photons in NIR and upconverts to UV and visible photons, 

which are reabsorbed by mTiO2. The Yb
3+

 acts as a sensitizer in the β-NaGdF4: Yb
3+

, Er
3+ 

phosphor and it could absorb 980 nm NIR radiations, which results in populating the 
2
F5/2 

level. After that, the excited electron would transfer back to the 
2
F7/2 ground state and the 

released energy is non-radiatively transferred to activator ions Er
3+

, resulting in the 

population of the higher 
4
F9/2, 

4
S3/2 , 

2
H11/2 and 

2
H9/2 energy levels of Er

3+
 via successive 

energy transfer process from Yb
3+ 

ions. Finally, these excited electrons would transfer to the 

4
I15/2 ground state of Er

3+
 and radiatively emit in the UV and visible region.

37
 The as-emitted 

photons could be reabsorbed by the mTiO2 nanoparticles, which have photon absorption 

bands in the UV and visible regions due to small amount of carbon doping in mTiO2 during 

the synthesis. The mTiO2 nanoparticles are excited by the energy transfer from up-conversion 

phosphors and generate high energy electrons (e
-
) and holes (h

+
) in the conduction band (CB) 

and valence band (VB). The photogenerated holes oxidize water molecules present on the 

surface of the  atalyst an  pro u e hy ro yl ˙OH ra i als. The electrons in the conduction 

band react with O2 mole ules to  orm rea ti e ˙O2ˉ ra i als  The rea ti e ra i al spe ies ˙OH 

an  ˙O2ˉ  egra e the  ye mole ules  y  orming  y-products such as CO2, ammonia etc.
64
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Figure 13: Schematic representation of the near-infra red driven photocatalytic mechanism 

of β-NaGdF4:Yb
3+

, Er
3+

/mTiO2 nanocomposite showing energy level diagram and up-

conversion luminescence process of Yb
3+

, Er
3+

 co-doped β-NaGdF4 under 980 nm excitation 

and the energy transfer process between β-NaGdF4:Yb
3+

, Er
3+

 and TiO2, and the generation of 

˙OH an  ˙Oˉ2 radicals. 

4.3.5. Photovoltaic characteristics 

4.3.5.1. Photovoltaic measurements 

The photovoltaic properties of DSSCs fabricated with the mTiO2 and β-NaGdF4: 18 % 

Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite were measured and compared in the Figure 14. The 

light harvesting property of the as-synthesized β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 

nanocomposite was investigated by preparing a film of the material (sensitized with the N719 
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dye) on FTO substrate, followed by the photoelectric conversion measurements by 

fabricating a DSSC.  Due to the incorporation of the up-conversion phosphor material into 

the mTiO2, there will be an increase in the photon scattering as well as their absorption as, in 

addition to the visible region photons, the photons in the IR-region of the spectrum are also 

utilized.  

 

 

 

 

 

 

 

 

 

 

Figure 14: Current density vs potential curves for dye-sensitized solar cell fabricated from 

mTiO2, and β-NaGdF4:Yb
3+

, Er
3+

/mTiO2 nanocomposite. 

In this system, the upconverting nanorods harvest NIR sunlight and transform into 

visible via anti-Stokes emission, which is directly reabsorbed by photoactive TiO2, thereby 

impro ing power  on ersion e  i ien y (PCE  in DSSC’s  The Figure 14 shows the current 

density-voltage curves of the assembled solar cell under 100 mW/cm
2
 illumination using dye-

adsorbed mTiO2 and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite as photoanode 

and their photovoltaic parameters are summarized in Table 2. The overall performance of the 
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above described solar cell can be evaluated in terms of cell efficiency (η) and fill factor (FF) 

expressed as: 

   
        
      

 

  
        

   
      

 

Table 2: Photovoltaic characteristics of DSSCs with mTiO2 and mTiO2 combined with NIR 

active upconverting β-NaGdF4: Yb
3+

, Er
3+

 nanocomposite.  

 

It was found that in the composite material, the photocurrent density (JSC) increased 

from 7.9 to 10.5 mA cm
-2

, and the open-circuit voltage (VOC), decreased from 0.71 to 0.68 V. 

The fill-factor of nanocomposite decreased from 64 to 59 % and the photon to electron 

conversion efficiency of the nanocomposite increased from 3.6 to 4.3 %. The β-NaGdF4: 18 

% Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite film effectively pass and scatter the incident 

photons through the backside of the photoelectrode and thus, able to generate more 

photoelectrons to enhance the power conversion efficiency of the cell. Moreover, it should be 

noted that, in comparison to the DSSC made with mTiO2 film, the β-NaGdF4: 18 % Yb
3+

, 2 % 

Er
3+

/ mTiO2 nanocomposite film DSSC system resulted in increased photocurrent density by 

Samples JSC (mAcm-2) VOC (V) FF (%) η (%)

mTiO2 7.9 0.71 64 3.6

β-NaGdF4,Yb3+,Er3+/mTiO2

composite

10.5 0.68 59 4.3
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~ 24 %. This enhancement is attributed to the enhanced light harvesting of dye molecule, 

which is due to presence of up-conversion phosphor that enhances harvesting by utilizing 

NIR photons as well. The overall efficiency of the DSSC increased by 17 % in the composite 

material compared to only mTiO2 which support the advantageous effect of the synthesis of 

β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite material and benefit of employ it as 

photoanode in liquid junction solar cell. 

4.3.5.2. Mechanism of the DSSC performance based on the nanocomposite 

The Figures 15 and 16 illustrate the configuration and the response mechanism of the 

DSSC based on the β-NaGdF4: Yb
3+

, Er
3+

/mTiO2 nanocomposite. A typical DSSC consists of 

a dye-sensitized nanocrystalline TiO2 semiconductor film on a conductive glass, an 

electrolyte solution containing an I
-
/I

3
 redox couple, and a platinum film as a counter 

electrode.
65

 Upon excitation, the dye molecules absorb photons and inject electrons into the 

conduction band of TiO2 from the excited state of the dye.
65

 A major factor limiting the 

performance of DSSCs is the inability of utilizing near-infrared (NIR) photons. The most 

commonly used photosensitizers such as N3, N719, and N749 dyes can absorb UV and 

visible light.
66

 Here, in this system with the aid of up-conversion β-NaGdF4: Yb
3+

, Er
3+

 

phosphor, the NIR light is utilized from broad solar spectrum. The β-NaGdF4: Yb
3+

, Er
3+

 

phosphor is excited by NIR energy and emits intense green visible light, which is reabsorbed 

by photosensitizer N719 dye.  
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Figure 15: The configuration of the β-NaGdF4: Yb
3+

, Er
3+

/mTiO2 nanocomposite modified 

DSSC. 

Figure 16 (a) shows the absorption spectrum of the N719 dye and the UC emission 

spectrum of β-NaGdF4: Yb
3+

, Er
3+

 nanorods. It can be clearly seen that the absorption band of 

the N719 dye is resonant with the green emission (540 nm) of the β-NaGdF4: Yb
3+

, Er
3+

 

phosphor, thus the N719 dye is able to efficiently absorb the green emitted light. 

Consequently, the NIR light absorbed by the up-conversion phosphor can be effectively used 

to excite the dye molecules, which further injects electrons to mTiO2, finally which in turn 



Chapter 4                  A broad spectrum photon responsive, paramagnetic β-NaGdF4: Yb3+, Er3+ - mesoporous 

anatase titania nanocomposite 
 

Preeti Padhye Page 196 

  

400 500 600 700 800

A
b
so

rb
an

ce
 (

a.
u

.)

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

  - NaGdF
4
:Yb

3+
, Er

3+

 N719 dye

 

 

a

Yb3+ Er+

NIR

980 nm

β-NaGdF4:Yb3+, Er3+

VB

CB

mTiO2N719 Dye

S+/S*

S+/S

e-

Yb3+ Er+

UV-vis

4I15/2

4I13/2

4I11/2

4I9/2

4F9/2

4S3/2

2H11/2

4F7/2

4F5/2

2H9/2

b

will help increase the performance of DSSCs in the NIR region (Figure 16 (b)). Similar kind 

of systems have been studied, where the semiconductor (TiO2   ase  DSSC’s are mo i ie  

with upconverting nanoparticles and thus, up-conversion phosphors are utilized to improve 

the photovoltaic performance.
67,68,69

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: (a) The absorption spectrum of N719 dye and UC photoluminescence spectrum of 

β-NaGdF4: Yb
3+

, Er
3+

 nanorods showing a strong spectral overlap around multiple absorption 

peaks of dye, and (b) response mechanism of the β-NaGdF4: Yb
3+

, Er
3+

/mTiO2 
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nanocomposite modified DSSC showing the energy transfer from the UC nanocrystals to the 

N719 dye. 

4.3.6. Magnetic properties 

4.3.6.1. Magnetic mass susceptibility  

In addition to the excellent up-conversion luminescence property, the amine functionalized β-

NaGdF4: 18 % Yb
3+

/ 2 % Er
3+

 nanorods as well as β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 

nanocomposite exhibited paramagnetism (Figure 17), which makes these nanorods suitable as 

a MRI contrast agent. The Figures 17 (a) and (b), show the room temperature (RT) 

magnetization (M) as a function of the applied magnetic field (H) for the amine 

functionalized β-NaGdF4: 18 % Yb
3+

/ 2 % Er
3+

 nanorods and the  β-NaGdF4: 18 % Yb
3+

, 2 % 

Er
3+

/ mTiO2 nanocomposite respectively. These nanorods exhibit typical paramagnetic 

behavior at 300 K and applied field in range from - 40 to + 40 kOe. The paramagnetic 

properties of the Gd
3+

 ions arise from seven unpaired inner 4f electrons, which are closely 

bound to the nucleus and effectively shielded from crystal field by the outer filled 5s
2
 5p

6
 

shell electrons. Thus, it prohibits sufficient overlap of the orbitals associated with the 

partially filled 4f electrons shells of the Gd
3+

 ions necessary for ferromagnetism. It turns out 

that the magnetic moments associated with the Gd
3+

 ions are all localized and non-interacting 

thereby giving rise to paramagnetism.
70 

The magnetic mass susceptibility of β-NaGdF4: 18 % 

Yb
3+

/ 2 % Er
3+

 nanorods and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite are ~ 

1.36 X 10
-4

 emu g
-1 

Oe
-1

 and ~ 6.45 X 10
-5

 emu g
-1 

Oe
-1 

respectively. Furthermore, the 

magnetization of β-NaGdF4: 18 % Yb
3+

/ 2 % Er
3+

  nanorods and β-NaGdF4: 18 % Yb
3+

, 2 % 

Er
3+

/ mTiO2 nanocomposite is ~ 2.75 emu g
-1

 and  ~ 1.30 emu g
-1

 respectively at 20 kOe. 
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These values are close to the reported values of nanoparticles, which are used very frequently 

for bioseparation and are also successfully used as T1-MRI contrast agent.
71

  

4.3.6.2. Longitudinal relaxivity and magnetic resonance imaging 

To further demonstrate the potential application of the β-NaGdF4: 18 % Yb
3+

/ 2 % 

Er
3+

 nanorods as a MRI contrast agent, a series of β-NaGdF4: 18 % Yb
3+

/ 2 % Er
3+

 nanorods 

and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposites with different molar 

concentrations were used for the ionic longitudinal relaxivity (r1) study using the NMR 

spectrometer. From the slope of plot of 1/T1 verses Gd
3+

 concentration (Figure 17 (c) and (d) 

), the relaxation rate 1/T1 (r1) value for the of β-NaGdF4: 18 % Yb
3+

/ 2 % Er
3+

 nanorods and 

β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposites were determined to be 7.81 s
-1 

mM
-1

 

and 7.09 s
-1 

mM
-1

 respectively.  
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Figure 17: Magnetization as a function of applied field for (a) β-NaGdF4:Yb
3+

, Er
3+  

and (b)  

β-NaGdF4:Yb
3+

, Er
3+

/mTiO2 nanocomposite at room temperature showing paramagnetic 

behavior. The plot of 
1
H spin-lattice relaxation rate (1/T1) as a function of molar 

concentration (mM) of (c) β-NaGdF4:Yb
3+

, Er
3+ 

nanorods and (d) β-NaGdF4:Yb
3+

, 

Er
3+

/mTiO2 nanocomposite at RT and 9.4 T. The T1 weighted MRI images of (e) β-
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NaGdF4:Yb
3+

, Er
3+ 

nanorods and (f) β-NaGdF4:Yb
3+

, Er
3+

/mTiO2 nanocomposite at various 

molar concentrations in water. Deionised water (0.00 mM) was taken as reference. 

The obtained longitudinal relaxivity values are higher than that of the commercially 

clinically used Gd-based MRI contrast agent such as Gd-DTPA/Magnevist (r1=~ 3.8 s
-1

mM
-

1
), Gd-DOTA/Dotarem (r1=~ 3.2 s

-1
mM

-1
) 

72, 73
 and other reported potential inorganic 

nanoparticles as KGdF4 (r1=~ 5.8 s
-1

mM
-1

) 
45

, GdF3 (r1=~ 1.4 s
-1

mM
-1

) 
74

, Gd2O3 (r1=~ 5.1 s
-

1
mM

-1
) 

75
, NaGdF4 (r1=~ 7.2 s

-1
mM

-1
) 

76
, NaGdF4:Yb/Er (20/2)@NaGdF4 (r1=~ 1.05 s

-1
mM

-1
) 

77
 etc. Thus, we believe the as prepared β-NaGdF4:Yb,Er (UCNPs) can be a potential MRI 

contrast agent. 

In general, the longitudinal T1 relaxivity value increases for smaller size nanoparticles, 

due to larger surface to volume (S/V) ratio, consequently large number of surface Gd
3+

 ion 

interacting with water protons. This results due to 1/r
6
 dependence of water proton relaxation 

on distance between Gd
3+

 ions and water protons.
78

 The high S/V ratio wherein the distance 

between Gd
3+

 ions and water protons decreases, results in higher relaxivity. However, various 

number of anomalies of this inference has been reported so far in different literature which 

can be seen from the table below: 
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Nanoparticles 

(contrast agent) 

Size 

(nm) 

Longitudinal Relaxivity 

(s
-1

mM
-1

) 

Ref. 

Gd2O3:Eu 7.4 34.26 
78

 

Gd2O3 5.2 5.15 
75

 

Gd2O3 2.5 x 18 1.5 
79

 

GdF3 129.3 1.95 
80

 

Gd2O(CO3)2 .H2O 478 16.5 
80

 

NaGdF4:Nd
3+

, Yb
3+

, Tm
3+

 21 1.25 
81

 

NaGdF4:Yb/Er/Tm 25–60 5.6 
82

 

NaGdF4:Yb/Er 100 x 300 7.8 This work 

  

According to the given examples, many larger particles possess larger longitudinal 

relaxivity (r1) value as compare to the smaller particles. Thus, inverse relation of size and r1 

values is not always true. There are many other factors influencing longitudinal relaxivity (r1) 

value, such as Gd
3+

 concentration, distribution of Gd
3+

 ions in crystal in outer and inner 

sphere 
83, 76

, molecular tumbling time effect
84

, presence of ligands affecting interaction with 

water protons 
84, 85

 etc.  

Considering Gd
3+

 ion concentration constant and gradient distribution of Gd
3+

 ion 

unknown, we believe in this paper the higher relaxivity of as-prepared PEI capped β-NaGdF4: 
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Yb/Er, in spite of its quite larger size is evidently due to longer tumbling time owing to larger 

size and large coordinated number of water molecule due to increased water dispersibility by 

PEI capping of β-NaGdF4: Yb/Er nanorods. It is reported that, the bigger nanoparticles (NPs) 

ha e longer tum ling times (τR), i.e., surface ions on bigger NPs tumble more slowly than on 

the smaller NPs. This fact accounts for the increase in r1/SA values with increase in NP size, 

which is in counteract to the effect of the S/V ratio and making the surface Gd
3+

 ions on a 

larger NP affect the relaxivity more strongly than the ions on a smaller NPs.
76

  

 Similar was reported by Hou et al., where relaxivity of large size (20 nm) NaGdF4 

was greater (r1=8.78 s
-1

mM
-1

) than smaller NaGdF4 (15 nm size; r1=5.7 s
-1

mM
-1

).
85

 Similarly, 

relaxivity of Gd2O3@MSN composite (size=25 nm; r1=45.08 s
-1

mM
-1

) was greater than pure 

Gd2O3 nanoparticles (size=2.5 nm; r1=14.93 s
-1

mM
-1

).
84

 

Figure 17 (e) and (f) shows typical T1-weighted MRI images of β-NaGdF4: 18 % 

Yb
3+

/ 2 % Er
3+

 nanorods and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite. The 

T1-weighted imaging for the samples was performed for 4 different concentrations varying 

from 0.05 to 0.8 mM (water for the reference signal) on a 3T MR scanner. With the 

increasing concentration, the T1-weighted MRI signal intensity was clearly enhanced, thus 

showed positive enhancement effect, demonstrating that the of β-NaGdF4: 18 % Yb
3+

/ 2 % 

Er
3+

 nanorods and β-NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/ mTiO2 nanocomposite
 
might be an 

effective T1-MRI contrast agent. 

4.4. Conclusion 

 

In summary, the multifunctional NIR light active β-NaGdF4: 18 % Yb
3+

, 2 % 

Er
3+

/mTiO2 nanocomposites were designed for its applications in photocatalysis, 



Chapter 4                  A broad spectrum photon responsive, paramagnetic β-NaGdF4: Yb3+, Er3+ - mesoporous 

anatase titania nanocomposite 
 

Preeti Padhye Page 203 

  

photovoltaics and biomedical sciences etc. The up-conversion phosphor β-NaGdF4: 18 % 

Yb
3+

, 2 % Er
3+

 utilizes the NIR light and the mesoporous TiO2 (mTiO2) utilizes the UV and 

weak visible which improves the photon harvesting across the solar spectrum (UV, visible 

and NIR region). Moreover, the mesoporousity of TiO2 is expected to increase the active sites 

for an efficient photocatalysis and enhance the dye adsorption in the DSSCs. The 

photocatalytic activity of the nanocomposite was investigated via the decoloration of RhB 

and dye mixture (RhB, MB, MO and MG) under the direct solar light irradiation. In 

comparison to pure- mTiO2, the photocatalytic activity of nanocomposite is fairly improved, 

which presents a unified approach to enhance the solar energy harvesting ability of TiO2 

based catalytic materials. The efficiency of the DSSC increased by 17 % in the 

nanocomposite as compared to only mTiO2, by an increment in the photocurrent density 

which indicates that the improvement in the light harvesting capability of dye-molecules is 

achieved by the presence of phosphor particles. The longitudinal relaxivity (r1) value of β -

NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/mTiO2 nanocomposite were close to those of materials 

reported for MRI and bio-separation. The proposed and designed a multifunctional β-

NaGdF4: 18 % Yb
3+

, 2 % Er
3+

/mTiO2 nanocomposite system act as a single platform with 

simultaneous multiple discrete functionalities of excellent luminescence properties, intrinsic 

paramagnetism and relaxivity, biocompatibility, photocatalytic activity, and solar cell 

efficiency, thus these may find other promising applications in bio-imaging, magnetic 

resonance imaging, water-splitting, photodynamic therapy, NIR triggered anticancer drug 

delivery and cancer therapy. 
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This chapter presents the summary of the research work depicted in this thesis 

and briefly present the future scope of research in this field.  
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5.1. Summary 

Lanthanide ion-doped up-/down-converting phosphors are giving an edge over 

conventional organic fluorescent dyes or quantum dots due to their unique and beneficial 

tunable electronic, optical and magnetic properties that enable potential wide ranging 

applications in optoelectronics, solid state lasers, security printing, biomedical 

diagnostics, sensors, solar cells, catalysis and biological imaging. In the present research 

work we have studied the tunable optical properties of trivalent lanthanide ion-doped rare 

earth fluoride phosphors and have investigated their applications. We have deliberated the 

rare earth fluoride, specifically NaREF4 system and understand the effect of different 

dopants and dopant combinations, surface cappings, functionalization and their structural 

and optical properties and explored various applications. We have also modified the 

system by conjugation of drug molecules and other entities to make them suitable and 

efficient for and according to the need of targeted application. The present thesis mainly 

describes a detailed work on hexagonal phase Ln
3+

-doped rare earth fluoride systems; β-

NaREF4: Ln
3+

 ; β-NaYF4:Tb
3+

, β-NaYF4:Gd
3+

,Tb
3+

 and β-NaGdF4:Yb
3+

,Er
3+

. 

Firstly, we synthesized uniform β -NaYF4:5% Tb
3+

 crystals and studied the effect 

of synthesis parameters and their optical properties. The hexagonal phase of NaYF4:Ln
3+

 

(Ln=Tb, Yb/Er and Yb/Tm) microcrystals with multiform morphologies; hexagonal 

prisms, microrods and spindle like structures was synthesized via a cationic/anionic 

binary capping agent system: CTAB and a trisodium citrate-assisted hydrothermal route. 

Under UV excitation, the as-prepared β -NaYF4:5% Tb
3+

 crystals emit strong green 

emission (down-conversion luminescence) and possess long luminescence lifetime in 

milliseconds. In contrast, under 980 nm NIR excitation, the Yb/ Er- and Yb/Tm-co-doped 

NaYF4 samples exhibited strong green and blue up-conversion luminescence, 

respectively. The influence of capping agents, synthesis temperature, pH, and their growth 
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mechanisms was studied in detail, which showed strong dependence of reaction 

parameters on the morphology. The static and dynamic photoluminescence studies 

indicated that the luminescence properties of the β-NaYF4:5% Tb
3+

 phosphors are 

strongly dependent on their crystalline size and shape. The optical studies on β-NaYF4:5 

% Tb
3+

 crystals provided the surprising insight on the band gap and revealed the 

appearance of new energy level (inter-band energy level), which enthuse us to check out 

their photocatalytic properties. The photocatalytic studies showed that β-NaYF4:5% Tb
3+

 

phosphors are highly selective for methylene blue. In addition, we have also discussed the 

correlation between the morphologies and photocatalytic activities. To the best of our 

knowledge, for the first time, we have explored the photocatalytic selectivity and 

morphology dependent effects in catalytic activity of β-NaYF4:5% Tb
3+

 phosphors. Apart 

from their photocatalytic properties, the unique luminescence properties and controlled 

morphologies of these phosphors may endow potential applications in the field of light 

emitting diodes (LEDs), solid state lasers, and biological sciences. 

Although, the as-prepared β-NaYF4:5% Tb
3+ 

crystals were highly luminescent, 

with long luminescent lifetimes, but were not suitable for bio-applications as limited by 

size and biocompatibility. In this viewpoint, we have developed a multi-modal probe 

based on PEI functionalized, highly crystalline β-NaYF4:Gd
3+

/Tb
3+ 

nanorods system, 

which possesses excellent photoluminescence as well as paramagnetic properties, making 

them suitable for optical bioimaging and MRI applications. This system can also be used 

as drug delivery nanovehicle. A well established chemotherapeutic, doxorubicin (DOX) 

which is a weakly- basic drug suffers reduced internalization by tumor cells due to their 

acidic microenvironment and cause serious undesirable side effects on normal cells. This 

drawback can be overcome by enabling targeted drug delivery system. In light of these 

consequences, we conjugated doxorubicin to PEI capped β-NaYF4:Gd
3+

/Tb
3+

 via pH-
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sensitive hydrazone bond linkages. This system acted as a pH-triggered drug delivery 

system, where the doxorubicin is released by the cleavage of hydrazone bonds in the 

acidic microenvironment of tumors, which enhances cellular uptake and reduces the side-

effects of chemotherapeutics. The pH dependent in vitro DOX release studies have shown 

that DOX release at acidic pH is significantly faster than at pH 7.4. Furthermore, the 

luminescence quenching of β-NaYF4: Gd
3+

/Tb
3+

 by DOX due to a FRET mechanism can 

be applied as an optical probe to confirm the DOX conjugation and monitor the DOX 

release. Cell toxicity assays revealed that PEI capped β-NaYF4:Gd
3+

/Tb
3+

 possesses very 

low toxicity to the normal cells and interestingly and advantageously the DOX-

conjugated-β-NaYF4:Gd
3+

/Tb
3+

 showed a potential decrease in the cytotoxicity than free 

DOX, indicating that toxic effects of DOX are reduced when conjugated with the β-

NaYF4:Gd
3+

/Tb
3+

 nanorods. Meanwhile, the in vitro cytotoxicity of DOX-conjugated β-

NaYF4:Gd
3+

/Tb
3+

 on MCF-7 cancer cells exhibited comparable cellular toxicity with 

respect to free DOX. The cellular uptake of DOX-conjugated β-NaYF4:Gd
3+

/Tb
3+

 by 

MCF-7 cells was established from a confocal laser scanning microscopy and flow 

cytometry studies. The cellular uptake of DOX-conjugated β-NaYF4:Gd
3+

/Tb
3+

 by MCF-7 

cells was enhanced compared to that of free DOX at pH 6.5, that mimics a tumor 

microenvironment, which establish the benefit of DOX-conjugated β-NaYF4:Gd
3+

/Tb
3+

 

nanorods system in targeting cancer cells. Along with high luminescence efficiency, the 

magnetic mass susceptibility and longitudinal relaxivity (r1) of β-NaYF4:Gd
3+

/Tb
3+

 were 

observed to be χ ∼ 3.8 × 10−
5
 emu g−

1
 Oe−

1
 and r1 ~ 1.14 s

-1
 mM

-1
, respectively which are 

close to those of materials reported for MRI and bioseparation. Furthermore, magnetic 

resonance imaging gave enhanced T1-weighted MRI images with increased 

concentrations of β-NaYF4:Gd
3+

/Tb
3+

 making them suitable for simultaneous magnetic 

resonance imaging. It is expected that DOX-conjugated β-NaYF4:Gd
3+

/Tb
3+

 combining 
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pH-triggered drug delivery, efficient luminescence and paramagnetic properties promises 

to be a potential multifunctional platform for cancer theranostics, biodetection and 

imaging. 

 Further, the development of multifunctional platforms for broad range of 

applications has geared tremendous progress towards the design and engineering of 

various functional materials with multiple discrete functions as nanostructured 

composites. In this perspective, we designed a single multifunctional platform for broad 

range of applications; energy and biomedical, by judiciously integrating upconverting 

luminescent and magnetic β- NaGdF4:Yb
3+

,Er
3+

 phosphor and photoactive semiconductor 

anatase TiO2. The multifunctional broad-spectrum photoactive β-

NaGdF4:Yb
3+

,Er
3+

/mTiO2 nanocomposites were developed for its enhanced applications 

in photocatalysis, photovoltaics and biomedical sciences. Currently, the photoactive 

materials for solar energy harvesting applications have limitations in their efficiency due 

to their narrow photon absorption spectrum. The upconversion phosphor β-

NaGdF4:Yb
3+

,Er
3+

 utilizes the NIR light and the mesoporous anatase TiO2 (mTiO2) 

utilizes the UV and weak visible, thus the composite forms a broad spectrum photon-

capture system across the solar spectrum (UV, visible and NIR region) and improved 

power conversion efficiency for enhanced applications in photocatalysis, and dye 

sensitized solar cells (DSSCs).  Moreover, the mesoporosity of TiO2 is expected to 

increase the active sites for an efficient photocatalysis and enhance the dye adsorption in 

the DSSCs. The photocatalytic activity of the nanocomposite was investigated via the 

degradation of RhB and dye mixture (RhB, MB, MO and MG) under the direct solar light 

irradiation. In comparison to pure-mTiO2, the photocatalytic activity of nanocomposite is 

fairly improved, which presents a unified approach to enhance the solar energy harvesting 

ability of TiO2 based catalytic materials. The efficiency of the DSSC increased by ~ 17 % 
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in the nanocomposite as compared to only mTiO2, by an increment in the photocurrent 

density  (~ 24 %) which indicates that the improvement in the light harvesting capability 

of dye-molecules is achieved by the presence of phosphor particles. The nuclear magnetic 

resonance (NMR) measurements showed large longitudinal T1 relaxivity (r1=7.09 s
-1

mM
-

1
) and magnetic resonance imaging showed an enhanced T1-weighted MRI images with 

increased concentrations of β-NaGdF4: Yb
3+

, Er
3+

/mTiO2 nanocomposite making them 

suitable for simultaneous magnetoresonance imaging. To the best of our knowledge, for 

the first time we have proposed and designed a multifunctional β-

NaGdF4:Yb
3+

,Er
3+

/mTiO2 nanocomposite as a single platform with simultaneous multiple 

discrete functionalities of excellent luminescence properties, intrinsic paramagnetism and 

relaxivity, biocompatibility, photocatalytic activity, and solar cell efficiency, thus these 

may find other promising applications in bio-imaging, magnetic resonance imaging, 

water-splitting, photodynamic therapy, NIR triggered anticancer drug delivery and cancer 

therapy. 

5.2. Scope of future work 

The studies on lanthanide ion-doped phosphor crystals drive importance and interest in 

both the fundamentals and enhanced applications. While the research work was being 

performed presented in this thesis, several advances have been taking place on the 

international front in the field of lanthanide ion-doped phosphors. At the fundamental 

front, spectroscopic information related to local symmetry of lanthanide ion in an 

inorganic host is crucial for optimizing their optical performance for technological 

applications. Although hexagonal phase β-NaYF4, disordered structure is regarded to be 

the most efficient host for Ln
3+

 luminescence, but the spectroscopic or crystallographic 

site of Ln
3+

 in NaYF4, has received much debate. Since the optical transitions of Ln
3+

 are 

sensitive to their local coordination, and the emission intensity of Ln
3+

-doped crystals 
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strongly depends on the crystal structure and crystal-field (CF) surroundings around Ln
3+

, 

it is of utmost importance to know the local symmetry around the lanthanide ions. In the 

present thesis although, the crystal structure of β-NaYF4 have been confirmed by XRD, 

but the actual site symmetry of a dopant in a cationic site cannot be revealed from the 

XRD data. Moreover, the incorporation of Ln
3+

 ions at a particular site leads to changes in 

the local surrounding environment in the doped host. Thus, the understanding these 

changes in the local environment is very important to study in future. To get a complete 

picture, experimental and theoretical studies can be done further using time correlated 

single photon counting (TCSPC), extended X-ray absorption fine structure (EXAFS) 

measurements etc to understand the local structure and site symmetry of Ln
3+

 ions. Also, 

the influence of local structure and site symmetry, correlation between structural and 

various properties, viz. optical, magnetic, and catalytic can be established by these 

studies.   

 Architectural manipulation and morphology tuning is also important to study as 

various properties are dependent on morphology. Thus, apart from effect capping agent, 

temperature, time and pH, the effect of other parameters such as Na:F ratio, RE:F ratio, 

concentration of precursors on the morphology of β-NaYF4 crystals can also be studied in 

future. Moreover, the synergistic effect of binary capping agents and selective binding 

affinity of these capping agents on the particular planes of the uniform and well defined 

facets of hexagonal prismatic β-NaYF4 crystal have not been proved in this research work. 

Thus, advanced experimental techniques and theoretical studies will help to prove the 

binding affinity of respective capping agents selectively on top/bottom and side planes in 

future. Till now, the band edge shift or inter-band energy levels picture of lanthanide ion-

doped inorganic nanostructures with doping of Ln
3+ 

is not cleared completely. It is also 

required to know how the shifting of band edge takes place with interstitial and 
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substitution doping, which is important to further study for their photocatalytic properties. 

Further, detailed photocatalytic studies including photodegradation kinetics and 

morphology dependence on photocatalytic activity and efficiency of β-NaYF4:Tb
3+

 can be 

studied. Attempts to enhance the photocatalytic activity of β-NaYF4:Tb
3+

 by modifying its 

properties via formation of composites can be performed. For instance, Graphene oxide 

(GO) possess excellent conduction properties, thus preparation of NaYF4:Tb
3+

-GO 

composite and their study of the photocatalytic activity can be done to check whether the 

photocatalysis efficiency increases.  

In regard of biological applications, many approaches have been reported to 

enhance cellular uptake of doxorubicin, consequent site specific drug delivery and 

minimizing the risk-to-benefit ratio, including cancer receptor targeted nanocarrier 

system, pH-triggered drug delivery systems etc. However, in pH triggered drug delivery 

system negligible DOX release at physiological pH is not attained yet. Thus, such 

compact conjugated systems involving pH sensitive linkages should be developed further 

to minimize the DOX release at neutral pH to negligible. The in vivo and biodistribution 

studies of the DOX-conjugated-β-NaYF4:Gd
3+

, Tb
3+

 can be performed further.  

The β-NaGdF4:Yb
3+

, Er
3+

/mTiO2 composite in the present research work showed 

improved photocatalysis and solar cell performance by broad photon capture system. 

However, the catalysis and solar cell efficiency can be further enhanced by choosing 

modified TiO2, or modifying cell fabrication, or by preparing core-shell structures. 

Importantly, this composite system can be potentially used in drug delivery and cancer 

theranostics applications owing to high penetration depth of the NIR radiation. Titania 

gives an edge in drug delivery and cancer therapy by reactive oxygen species (ROS) 

production due to its high activity, stability, non-toxicity, however, low tissue penetration 

and UV photodamage limits its use. To overcome these issues, such composites of TiO2 
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with upconverting phosphor can be promising for NIR-triggered drug release and targeted 

cancer cell ablation. Since, under NIR light excitation, UCNPs are capable of emitting 

high-energy UV/visible light, UCNPs can activate surrounding photosensitizer (PS) 

molecules to produce singlet oxygen to kill cancer cells. Owing to the high tissue 

penetration depth of NIR light, NIR-excited UCNPs can be used to activate PS molecules 

in much deeper tissues compared to traditional PDT induced by visible or ultraviolet (UV) 

light. Thus, in the presented composite system, anatase mTiO2 act as a photosensitizer 

molecule which can trigger the production of ROS by formation of electron-hole pair, 

upon activation by safe and deeper NIR excitation for PDT, as a future application. 

Despite the considerable progress made in the past decade, the field of lanthanide 

ion-doped phosphors has been hindered by significant experimental challenges associated 

with weak luminescence efficiencies, which limits further applications. Extensive work 

has been carried out to enhance emission intensity, such as modulating host materials and 

dopant concentrations, different dopant combinations, coating protective shells, and 

coupling with noble metals. Though in the present research work, the incorporation of 

sensitizer Gd
3+

 dopant ion in β-NaYF4:Tb
3+ 

in the β-NaYF4:Gd
3+

,Tb
3+ 

system rendered 

enhanced luminescence intensity. However, another approach to further enhance the 

luminescence efficiency of the same system can be performed by integration of Ag or Au 

nanoparticles. The presence of noble metallic nanostructures can either have beneficial or 

deleterious effect depending on the position of the Surface Plasmon Resonance (SPR) 

peak and the distance of the lanthanide ion from the metal surface. The SPR of metal 

should be resonant to excitation/emission wavelength of Ln
3+ 

-doped phosphor, which in 

turn substantially increases the excitation flux via local field enhancement (LFE) effect, 

consequent radiative transition rate. Thus, the luminescence efficiency of β-NaYF4:Tb
3+ 

phosphors can be further enhanced by introducing protective coating such as optically 
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inactive, biocompatible nanocellulose and coupling it with noble metal (Ag/Au). The 

enhancement is expected due to the surface protective effect, presence of spacer, and 

Localized Surface Plasmon Resonance (LSPR), to be used for potential applications. 

Furthermore, mesoporous NaYF4 structures can also be beneficial and promising 

for various applications such as photocatalysis, solar cells, drug delivery etc. However 

due to high crystallinity, the preparation of mesoporous structure are challenging and are 

not developed yet. Thus, this problem is also left open to study and to be addressed in the 

near future and efforts can be put on for the same in the future for further applications. 

The lanthanide ion-doped rare earth fluorides have potential for huge advanced 

applications in optoelectronics, security printing, abuse drug sensing, anti-drug/currency 

counterfeiting, which further needs to be explored. 
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Addendum: 

The term down-conversion in the present thesis can also be alternatively termed as down-

shifting. Down-conversion (DC) and down-shifting (DS) are the technical terms. 

Theoretically, the conversion of one high energy photon into two or more low energy 

photon is known as down-conversion. This process is also called as quantum cutting 

(QC). Therefore, the quantum efficiency (QE) of down-converting phosphors could be 

close to or larger than unity. Down-shifting is similar to down-conversion whereby only 

one low energy photon is emitted from absorption of one high energy photon and the 

quantum efficiency is lower than unity. Down-shifting can be considered as a subcategory 

of down-conversion and although both processes are similar, their quantum efficiencies 

differ. In literature, the Ln
3+

-doped phosphors are often termed as down-converting 

materials. DC or QC exists in Tb
3+

 ions and can be realized by cross-relaxation energy 

transfer (CRET) processes between Tb
3+

 ions. Also, DC is always realized by 

constructing the Gd
3+
→Eu

3+
 or Gd

3+
→Tb

3+
 energy transfers. Since, the evaluation of the 

total QE that contains the DC processes is ideal and theoretical, because it ignores the 

absorption of incident light and energy losses at defects and impurities. Thus, the term 

down-conversion in the present thesis can be termed as down-shifting as and wherever 

applicable. 
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