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Chapter 1

Introduction

1.1 Zeolites

1.1.1 Structure

Zeolites are microporous crystalline aluminosilicates with nanosized pores. Their frame-

work is composed of SiO4 and AlO4 tetrahedra units by sharing oxygen between every

two consecutive units, and cations located inside channels or cavities to balance negative

charges in the framework [1]. The pores of the zeolites have a very regular shape and size

and are defined by the crystal structure. A typical feature of zeolites is also the presence

Figure 1.1: The basic building block of zeolite [6].



Chapter 1 1.1 Zeolites

of large central cavities, the so-called supercages [2]. About 50 types of zeolites occur as

minerals in nature, but more than 150 different types of zeolites have been synthesized in

the laboratory. Zeolites can be synthesized with a wide range of pores sizes and shapes,

and the composition can be modified during synthesis or by post-synthesis treatments, in

order to tailor their properties. Zeolites can be prepared with varying silicon to aluminum

ratios, but the constraints are that the sum of the number of Si atoms and the number

of Al atoms equals 192 and that the total charge of the cations equals the number of Al

atoms [3,4]. High silica zeolites are hydrophobic, and on the other hand, high alumina

zeolites have large amount of charge balancing ion-exchange sites and have a very high

affinity to polar molecules, such as coordinated water [5].

As shown in figure 1.1, the basic building block of this zeolite is the sodalite cage (or

β-cage) [6]. The sodalite cage has the shape of a truncated octahedron and thus possesses

square and hexagonal faces. Its name derives from the aluminosilicate sodalite whose

structure consists of a cubic array of truncated octahedra sharing their square faces.

Alternate hexagonal faces, at positions corresponding to the vertices of a tetrahedron,

are connected via hexagonal prisms. Each sodalite cage is thus connected to four other

sodalite cages via the hexagonal prisms, which form the small pore system of the zeolite.

The α-cage or supercage is created by eight β-cages. The faujasite (FAU) type zeoltie

Figure 1.2: Structure of faujasite type zeolites [7].
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1.1 Zeolites Chapter 1

is one of the most widely used zeolite (figure 1.2). The diameter of the entrance to the

supercage is about 7.5 Å, whereas the diameter of the supercage itself is about 12 Å. In

contrast, the diameter of the sodalite cage is 6.6 Å and that of the hexagonal prism 1.8

Å. The water molecules in the zeolite structure can be removed by dehydration and their

number is variable [7]. Indeed, a typical feature of zeolites is that they can absorb and

lose water without damage to their crystal structures.

1.1.2 Application

Zeolites consist of the combination of many properties, among them the microporous

character of the uniform pore dimensions, the ion exchange properties, the ability to de-

velop internal acidity, the high thermal stability and high internal surface area. These

make zeolites unique among other inorganic oxides. Almost all of the properties are tun-

able. Therefore, zeolites have been accepted in a variety of applications namely processes

Figure 1.3: Correlation between pore size of molecular sieves and the kinetic diameter of

various molecules [6].
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Chapter 1 1.1 Zeolites

Figure 1.4: Zeolites used as molecular sieves.

involving adsorption, catalysis and ion exchange [8-12].

Zeolites are well known as molecular sieves [8]. Molecular sieve zeolites are a class

of stable mineral and synthetic crystalline inorganic compounds characterized by the

presence of an open three dimensional oxide framework structure (figure 1.3). This open

structure leads to a regular network of uniform pores of specific molecular dimensions.

As shown in figure 1.4, the porous structure enables the zeolites to selectively admit some

molecules while excluding those that are too large to fit into the pores. This leads to its

molecular sieve properties. The dimensions of zeolites’ channels and their ability to adsorb

gases and water have made zeolite molecular sieves suitable for a number of applications

such as in the areas of refinery fuel processing, production of chemicals and environmental

pollution control [9,10].

Besides, zeolites are also regarded as shape selective catalysts, which is shown in figure

Figure 1.5: Reactants and products can easilly diffuse in catalyst structure, but interme-

diairy species formation, in the vicinity of active sites are sterically limited.
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1.1 Zeolites Chapter 1

1.5. It is based on the formation of active catalyst sites inside the zeolite pore system,

which is very uniform in one or more discrete sizes [11]. Molecules with dimensions similar

to or slightly larger than the zeolite pores can usually diffuse through the pore structure

due to the molecular vibrations or breathing of the zeolite pore and the vibration of the

limiting atoms on the diffusing molecule or perturbations of its structure. Bond cleav-

age, followed by reconstruction of the bond has been suggested for the diffusion of some

inorganic materials. In this case, the rate of diffusion controls the rate of reaction rather

than by any catalytic phenomenon. Shape selectivity catalysis involves the reactivities of

primary, secondary and tertiary carbon atoms, which, can be classified into three major

classes. They are reactant selectivity, product selectivity and restricted transition state

selectivity [12].

Recently, zeolites acting as a host material of optically active guests have attracted

much attention for constructing novel materials designed at nanosized levels, because of

their low-frequency vibrational framework, regularly spaced nanochannels and nanopores,

and inexpensive price [7].

1.1.3 Zeolites used as optical host materials

Lanthanide ions have frequently been used as luminescent probes to investigate zeolite

structures. Luminescence studies are helpful to locate the lanthanide ion within the

zeolite framework and to study the local environment of the lanthanide ion [7]. Berry

et al.[13] investigated the location of Eu3+ cations in an Eu3+-exchanged zeolite-Y, with

a framework Si/Al molar ratio of 13.5± 2.0, as a function of heat treatment up to 200
oC. The coordination environment of the Eu3+ cation in the sample heated to 100 oC

is similar to that in the as-exchanged sample. Heating the Eu3+-exchanged zeolite-Y at

200 oC results in the migration of the Eu3+ cations into the sodalite cages. Hazenkamp

et al.[14] found that, in a freshly prepared sample containing 5 wt.% Gd3+, one site

inside the zeolite is occupied by Gd3+, and other Gd3+ ions appear on silica surfaces

present in the sample. When measurements on this sample were repeated a few months

after preparation, Gd3+ ions were found in three sites within the zeolite cages. Hong

et al.[15,16] observed that the intrazeolitic migration of Tb3+ ions arising from thermal

treatments in FAU-type zeolites is strongly dependent on the framework Si/A1 ratio. For

a low-silica FAU zeolite (Si/A1 = 1.37) most of the Tb3+ ions exchanged into supercages

begin to migrate directly to hexagonal prisms at 423 K without staying at sodalite cages;

by contrast, the cations in a high-silica FAU zeolite (Si/A1 = 3.40) migrate first to sodalite

cages at 373 K and in turn to hexagonal prisms at temperatures higher than 373 K.

Lanthanide-exchanged zeolites have been investigated as cheap inorganic phosphor ma-

terial as replacements for the conventional inorganic phosphors for lighting applications.
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Chapter 1 1.1 Zeolites

Figure 1.6: Quantum yields of Ce doped zeolties X and Y [17].

Kynast et al.[17] prepared zeolites X and Y with various degrees of Ce-doping by means

of ion-exchange and studied their optical properties. The emission spectra are charac-

terized by broad UV-emissions with quantum yields of up to unity within experimental

error, and moreover, the allowed nature of the electronic f-d transitions within the cerium

ion account for a high absorptivity of > 90 %. Figure 1.6 shows the dependence of the

quantum yields in zeolites X and Y on the Ce3+ doping level. Obviously, in Ce-X the

maximum quantum yield is obtained at 16 Ce3+ ions per unit cell. The experiments show

Ce3+ ions can efficiently act as a luminescent center without screening by organic ligands

as well. This is due to the provision of sites with large diameter and the non-sensitivity

of the Ce3+ excited state to high frequency phonons (O-H vibrations), which for Eu3+,

inevitably lead to non-radiative decay. Chen et al.[18] studied the photoluminescence and
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1.1 Zeolites Chapter 1

photostimulated luminescence of Tb3+ and Eu3+ ions in zeolite-Y. The dehydrated sample

treated at 800 oC exhibits strong Tb3+ and Eu3+ emissions, while the luminescence from

the hydrated sample prepared at room temperature is extremely weak. Quenching via

high-energy O-H vibrations is responsible for the weak emission in the hydrated zeolite

prepared at room temperature. The emission is enhanced largely by heating the sample at

800 oC, which is due to the loss of water and the migration of the ions from the supercages

to the sodalite cages.

Because of the weak light absorption by the f-f transitions of Eu3+, the total lumines-

cence output remained low, even after heat treatment, and one had to rely on the antenna

effect to increase the luminescence efficiency. Secdor et al.[19] reported that a tremendous

gain in luminescence intensity was observed when the Eu3+ ions in the cage were com-

plexed with ttfa (1-(2-thenyl)-4, 4, 4-trifluoro-butane-1, 3-dione) (figure 1.7). The Eu3+

emission is increased by a factor of 350 after treatment of a Eu8-X sample (i.e., a zeolite-X

with eight Eu3+ ions per unit cell) with an excess of ttfa, followed by washing and rehy-

dration. The rehydration step was necessary for complex formation, because otherwise

the ttfa ligands could not be deprotonated in the zeolite cage and the Eu3+ ions could

not be released from the walls of the supercage. The luminescence efficiency depended on

the Eu/ttfa ratio. A strongly emissive species was found to be [Eu(ttfa)3]- X, where the

complexes remained attached to the zeolite cage. Increasing the number of Eu3+ ions per

unit cell resulted in an increase of the luminescence intensity up to eight Eu3+ per unit

cell. Further addition of Eu3+ led to a decrease in the luminescence intensity.

It is not easy to observe near-infrared (NIR) luminescence from lanthanide-exchanged

zeolites, due to the strong nonradiative relaxation of the excited states of the NIR emitting

lanthanide ions by the water molecules within the pores of the zeolite host. Up until

now, an organic and inorganic hybrid synthesis has been the most common method to

realize NIR emission of rare earth ions such as Nd3+ and Er3+ in zeolites [20-31]. Wada

et al.[20] succeeded in drastically enhancing the NIR emission of Nd3+ by ligating it

with bis(perfluoromethylsulfonyl)-aminate (PMS) in cages of a nanocrystalline, large-

pore zeolite (FAU type). As displayed in figure 1.8, the resulting Nd-exchanged n-FAU

was degassed at 423 K for 1 h and was kept in contact with vapor of PMS at 373 K

for 1 h. Furthermore, it was exposed to D2O vapor for 10 min at 423 K three times to

convert O-H with high vibrational frequency to O-D with low vibrational frequency. The

success in obtaining the strong emission in this work should be attributed to suppression

of the relaxation of the excitation energy of Nd3+ through the vibrational excitation by

the low-vibrational zeolite cage wall and the energy migration at collisions by locating

Nd3+ separately in the cages.

Very recently, Monguzzi et al.[28] used the zeolite-L (LTL) which forms highly crys-

talline microcrystals consisting of parallel arrays of nanometric channels (7 Å pore en-

7
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Figure 1.7: Optical spectra of functionalized zeolite X hybrids. Excitation was at 250

nm for Eu8-X and at the respective excitation maxima for Eu-ttfa complexes. Emission

intensities scaled relative to [Eu(ttfa)3(H2O)2]. The hatched curve in (d) represents the

emission spectrum of a commercial UV emitting LED (Nichia). (a) Eu8-X, (b) [Eu(ttfa)3],

(c) [Eu(ttfa)3(phen)], (d) [Eu-(ttfa)3(phen)]-X [19].
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1.1 Zeolites Chapter 1

Figure 1.8: The scheme shows the conceptual process of the ship-in-bottle synthesis and

the treatment with D2O [20].

trance, 12 Å inner diameter), which can produce the desired confinement between the

sensitizer and the emitting ion. As shown in figure 1.9, they realized the sensitization of

Er3+ ions by energy transfer between a suitable organic molecule acting as an antenna

and the emitting ion arranged in close proximity in zeolites. However, the lifetime at 1535

nm is around 0.9 µs, which is much shorter than the intrinsic radiative lifetime of 10 ms.

Though these hybrid composites provide new opportunities to create multifunctional ma-

Figure 1.9: (a) Ionic exchange between K1+ and Er3+ ions in zeolite preparation. (b)

Inclusion of benzophenone molecules. (c) Outline of working material. Two possible posi-

tions of the benzophenone molecule with respect to the Er3+ are sketched (noncoordinated

and coordinated to the ion) [28].
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Chapter 1 1.2 Near-infrared emission from Bi ions

Figure 1.10: Sketch of the nanoporous zeolite structures employed in the work. Oxygen

and silicon, and aluminum atoms (not drawn), are positioned at the edges and corners,

respectively, of the cuboctahedra. Left: the faujasite structure (zeolites X and Y), right:

the sodalite structure (hauyne). Loading with WO3 (1) was at just above 600 oC, the

conversion (2) proceeded at T > 700 oC [23].

terials with unique properties by combining the merits of inorganic and organic building

blocks, the complicated preparation processes and air instability of these materials limit

their practical applications.

In 2006, Lezhnina et al.[23] showed that strong NIR emission of Nd3+ can be realized by

collapsing the open zeolitic materials into more dense aluminosilicates, such as sodalites,

combined with sufficient space filling (figure 1.10). That is, not enough room is left for the

admission of water. Essentially, this method is based on phase transition at the expense

of the zeolite structure, and additional compounds, such as WO3, have to be used to act

as auxiliaries to realize it. The similarity of the above strategies is that rare-earth ions

were used as active centers, and the full-width at half-maximum (FWHM) of the emission

spectra is less than 50 nm.

1.2 Near-infrared emission from Bi ions

As shown in figure 1.11, there are two useful wavelengths for optical communication.

One is 1.54 µm, which is the maximum transparency wavelength of silica glass fiber. The

other useful wavelength is 1.3 µm, which is the minimum dispersion region of silica glass

fiber; temporal distortion of transferred optical pulses can be minimized at this wave-

length. However, one of the main problems faced in optoelectronic integration on silicon

is the lack of an efficient silicon-based light source. This is because radiative band-to-band

recombination in Si is not efficient due to the indirect band gap [32]. An alternative way

to achieve light emission is provided by optical doping. In the past decades, considerable

effort has been devoted to develop optical fiber amplifiers to revolutionize the telecom-

10
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1.2 Near-infrared emission from Bi ions Chapter 1

Figure 1.11: Optical loss of silica glass fiber.

munication systems, such as Er-doped fiber amplifiers (EDFA) [33-36], Tm-doped fiber

amplifiers (TDFA) [37], and Pr-doped fiber amplifiers (PDFA) [38].

With the rapid development of telecommunication technology, the conventional rare-

earth ions doped silica fiber amplifier have difficulty in meeting information transportation

requirements with large transmission capacity at fast rates, as their gain bandwidth is

as small as 70 nm. An attractive way to meet these requirements is to develop broad-

band amplifiers and broadly tunable laser sources covering the whole telecommunication

windows to achieve an efficient wavelength-division multiplexing (WDM) transmission

network [39]. Raman amplifiers (RAs) can realize broadband amplification, but they

require multiwavelength pumping schemes and have low gain efficiency [40]. Broadband

RAs also have complex structures and require high-power consumption [41]. If broadband

amplification is realized with high gain efficiency by the single wavelength pumping, the

drastic evolution could be expected to occur in the WDM technology.

Recently, bismuth doped photonic materials have attracted much attention owing to

their promising super-wide infrared fluorescence properties (figure 1.12). In 1999, Murata

et al.[42] discovered a new fluorescence from bismuth-doped silica glass centered at 1150

nm with a FWHM of 150 nm and a lifetime of 650 µs. The quantum yield reaches about 66

% when excited at a wavelength of 500 nm. Based on theoretical calculations, it was shown

that generation of optical pulses with a duration as short as 13 fs is possible and, hence,

the material is of significant interest for use in laser amplification. Furthermore, in 2003,

Fujimoto and Nakatsuka experimentally proved the optical amplification at 1.3 µm from

Bi-doped silica glass when pumped with 810 nm [43]. In 2004, Peng et al.[44] extended

the group of known NIR emitting Bi-doped glasses to germanates and demonstrated that

11



Chapter 1 1.2 Near-infrared emission from Bi ions

Figure 1.12: NIR emission spectra of Bi-doped silicate glass, Pr3+, Tm3+ and Er3+ doped

tellurate glasses, and Er3+ doped silica (dash line).

the FWHM could be as broad as 300 nm. A further breakthrough followed in 2005

with the realization of continuous wave lasing in the spectral region from 1150 to 1300

nm by Dianov et al. [45]. Since then, tremendous research on NIR luminescence from

Bi ion has carried out in different host materials, such as glasses, crystals and optical

devices [46-69]. Up to now, NIR emission from bismuth based centers has successively

been reported for silicate [42,50], germanate [62], aluminoborate [48], aluminophosphate

[47,56], chalcogenide [55], germanosilicate [57,61], aluminosilicate [52,58] and borosilicate

glasses [49] as well as for polycrystalline SrB4O7 [59], single crystals of RbPb2Cl5 [63], BaF2

[66], α -BaB2O4 [67] and various other materials. Also on the area of device fabrication,

a rapid progress has been made in the past years. That is, within only two years, efficient

all-fiber optical amplifiers and fiber lasers have emerged from the first demonstration of

lasing. Only recently, a quantum efficiency of up to 1.0 ± 0.05 has been reported for a

bismuth-doped fiber [70]. For a bismuth-doped chalcogenide glass, NIR luminescence was

reported to peak at 1300 nm with an extraordinary FWHM of up to 600 nm at room

temperature. The FWHM can be further increased to 850 nm when the temperature is

lowered to 5 K. Hence, it covers the entire spectral range of optical telecommunication

[71]. Similar spectral properties have not been observed from any rare-earth-doped optical

material, or even combinations of materials.

Though broadband luminescence from Bi ions has been observed in a variety of host

materials, the origin of Bi-related broadband luminescence is still unknown, because Bi
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1.2 Near-infrared emission from Bi ions Chapter 1

ions may take the form of multiple valence states in different hosts, such as Bi5+, Bi3+,

Bi2+, and Bi+. The absorption and emission spectra of Bi-related NIR active centers

are much different from the optical properties of Bi2+ or Bi3+ centers, and the lifetime is

almost two orders larger than those of Bi2+ or Bi3+ [72-77]. Such large differences indicate

that the infrared emission might not be originated from Bi2+ or Bi3+. Fujimoto et al.[46]

ascribed the absorption and emission bands of bismuth-doped silica glasses to the Bi5+

transitions between the ground state of 1S0 and the excited states of 3D3,2,1, and
1D2.

However, Bi5+ containing compounds become extremely unstable if the temperature ex-

ceeds 300 oC (i.e., well below the typical melting temperature of many Bi-doped glasses),

and Bi5+ is usually reduced to Bi3+, Bi2+, or Bi metal [69]. Moreover, Meng et al.[48]

observed that the photoluminescence intensity decreases monotonically with further addi-

tion of BaO, which shows that addition of alkaline earth oxides have a quenching effect on

the infrared emission (figure 1.13). Therefore, they suggest tentatively that the infrared

emission derives from monovalent bismuth ions based on the energy matching conditions.

The simplified energy levels of Bi+ are presented in figure 1.14. The ground configuration

of Bi+ (6S2
6P2) is split by spin-orbit coupling interaction into the ground state 3P0 and

the excited states 1S0,
1D2 and 3P2,1.

Recently, Peng et al.[78] doped Bi ions into three kinds of alkaline earth pyrophosphate

compounds M2P2O7 (M = Ca, Sr, Ba) to investigate the size effect of host cations. After

preparation in air, all three bismuth-doped samples exhibited typical Bi3+ emission. When

prepared in CO atmosphere, co-existence of Bi3+ and Bi2+ was found. NIR emission could

Figure 1.13: Fluorescence spectra of (95-x)B2O3-xBaO-5Al2O3-2Bi2O3 (in mol%, x = 20,

25, 30, 35, 40) when excited by 808 nm LD [48].

13



Chapter 1 1.3 Optical properties of Bi doped zeolites

Figure 1.14: Energy level diagram for Bi+, which is proposed based on energy matching

conditions (NIR: near infrared emission) [48].

be detected only from reduced Ba2P2O7:Bi. Based on the radius and charge mismatch

between the cation site and each of the species Bi3+, Bi2+, Bi+ and Bi0 as well as bismuth

dimer ions, it was deducted that Bi3+, Bi2+ and Bi+ can readily substitute either for

Ca2+, Sr2+ or Ba2+ whereas Bi0 can be incorporated only on Ba2+ sites and dimers fit

into neither. If Bi+ was the NIR emission center, NIR emission should have been present

from all three compounds. This doesn’t agree with the observations. Therefore, they

suggests that two types of Bi0-species, each located on one of the two available Ba2+

lattice sites, are responsible for NIR photoemission.

1.3 Optical properties of Bi doped zeolites

Recently, our group developed a facile and novel strategy to realize strong, air-stable,

long-lived, broadband (with a FWHM larger than 160 nm) and tunable NIR photolumi-

nescence (PL) from bismuth compound-embedded FAU-type zeolites and their derived

amorphous nanoparticles [79-82]. This method consists of a simple ion-exchange process

and subsequent high-temperature annealing under Ar atmospheric conditions. The an-

nealing temperature is gradually increased from 800 oC to 1000 oC. The zeolite structure

can be well maintained after thermal treatment at 950 oC, and further increase leads to

the destruction of zeolite structure. As shown in figure 1.15 (a), all samples show strong

broadband emission from 930 to 1630 nm with the peak wavelength at 1145 nm, and with

increasing temperature, the PL intensity monotonously increases. We also find that the

PL shows spectral tunability: the peak wavelength and shape of PL closely depend on

14



1.3 Optical properties of Bi doped zeolites Chapter 1

Figure 1.15: (a) Ultra-broadband NIR PL spectra of zeolites annealed at the indicated

temperatures in an Ar atmosphere, which were excited by the 514.5 nm line of an Art

laser at a power of 0.014 mW. (b) Normalized NIR PL of the sample annealed at 1000
oC under 514.5, 632.8, and 800 nm excitation. (c) Fluorescence-decay curves of the an-

nealed samples at 300 K. The detected wavelength is 1145 nm. (d) Left axis: annealing

temperature dependence of enhancement factor of PL when excited at 514.5, 632.8, and

800 nm. Enhancement factors at different excitation wavelengths were calculated by di-

viding integrated PL intensities at different temperatures by that at 800 oC. Right axis:

temperature dependence of 1/e lifetime at 1145 nm [79].

the excitation wavelength. The FWHMs of the PL spectra shown in figure 1.15 (b) are

268 and 221 nm under 632.8 and 800 nm excitation, respectively. In the mother zeolites,

we did not detect any NIR PL under the same excitation conditions. Thus, we conclude

that the PL is from bismuth-related infrared-active (BiIRA) centers instead of intrinsic

structure defects of zeolites. Figure 1.15 (c) demonstrates the fluorescence-decay curves
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Chapter 1 1.3 Optical properties of Bi doped zeolites

Figure 1.16: (a - c) Schematic illustration of the structure transformation of the zeolites

annealed at different temperatures. (d) 2D representation of the structure of an aluminosil-

icate network. Note that ”loose” and ”dense” just represent small and large possibilities

of sealing the pores of the zeolites with bismuth agglomerates [79].

of the annealed products. The 1/e lifetime at 300 K increases from 80 ns to 430 µs from

800 to 1000 oC (figure 1.15 (d)). The quantum efficiency (QE) is also dependent on the

annealing temperature; at 950 and 1000 oC, it is 38.1 and 72.8 %, respectively.

Interestingly, the properties of NIR emission of bismuth-doped glasses are similar to

the results reported here, except that the PL property of bismuth-embedded zeolites is

dependent on the annealing atmospheric conditions; the BiIRA centers can be destroyed

when the zeolites are annealed in air or in a H2/N2 atmosphere. In Bi-doped zeolites

annealed in air, Bi3+ ions form in the matrix, whereas in a H2/N2 atmosphere, bismuth

16

a) 800°C b) 900°C 

c) 950 °C 

• Bi+ . ' loose' non-active bismuth 

non-active Bi ' dense' non-active bismuth 0 SI or AI 

a) 800°C b) 900°C 

c) 950 °C 

• Bi+ . ' loose' non-active bismuth 

non-active Bi ' dense' non-active bismuth 0 SI or AI 



1.4 Chapter Overview and Goal of this thesis Chapter 1

metal preferentially forms. Since Bi2+ ions are not infrared active, we suggest tentatively

that the NIR luminescence derives from subvalent bismuth of Bi+.

Usually, coordinated water in optically activated materials can strongly affect the NIR

emission efficiency of the emitters. Thermogravimetric (TG) analysis reveals that the

water content in the annealed zeolites decreases notably with increasing annealing tem-

perature. Note that the zeolites annealed at 900 and 950 oC contain much less water than

that annealed at 800 oC. The crystallinity of the zeolites annealed 800, 900, and 950 oC

does not show a large difference, which indicates that there should be other reasons for

the decrease in water content. This becomes understandable if we further consider the

physical properties, especially the thermal parameters, of bismuth compounds. The melt-

ing points of all inorganic bismuth compounds are below 820 oC. When the exchanged

zeolites are annealed at high temperatures, on the one hand, bismuth-related dissociation

reactions can easily take place; on the other hand, bismuth compounds have a chance

to form agglomerates owing to bismuth migration into zeolite pores, which can partially

block or totally seal the pores of the zeolites when the samples are suddenly cooled down

(figure 1.16 (a)-(c)). The higher the annealing temperature, the higher the possibility of

sealing the pores of the zeolites. This leads to a decrease of water content in the zeolites

annealed at a relatively higher temperature. Most possibly, partial Bi+ ions can be held in

captivity totally in the sodalite cages and hexagonal prisms if the annealing temperature

is high enough and water molecules have little chance to interact with them, which results

in strong and long-lived NIR emission (figure 1.16 (d)).

Our group also investigated the effect of co-doping Al on the optical property of Bi

doped zeolites [83]. The broadband NIR emission can be enhanced eight times in Bi-

Al co-doped zeolties. The lifetimes of Bi-Al doped samples are much longer than that

of bismuth doped one: with increasing aluminum and decreasing bismuth contents, the

lifetime monotonously increases. The longest 1/e lifetime reaches as long as 695 µs, which

is comparable to those reported in bulk glasses. The results further reveal that the NIR

emission should be from subvalent bismuth infrared active centre, i.e., Bi+, instead of

others. The existence of a charge imbalance environment caused by [AlO4/2]
− units in

host materials is requisite to the formation of infrared-active Bi+, which is the main reason

for the enhanced emission in Bi-Al doped high-silica zeolite derived nanoparticles.

1.4 Chapter Overview and Goal of this thesis

1.4.1 Photoluminescence properties of Bi doped zeolites

The goal of first part of this thesis is to reveal the structure and optical properties of

Bi doped zeolites by changing doping concentration and after annealing at different at-

17
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mosphere. In chapter 2, the dependence of doping concentration on the optical properties

of Bi doped zeolites is investigated by X-ray diffraction, absorption, emission, excitation,

decay time, and Raman spectroscopy. We find that the NIR emission intensity, full width

at half maximum and decay time depend strongly on Bi doping concentration. The results

prove the model that doped Bi acts not only as optically active centers, but also as pore-

sealing substances to isolate the centers. The comparison of PL and Raman data suggests

that in addition to previously proposed Bi2O3, other Bi-related materials, probably Bi

metal, play an important role to isolate the active centers. In chapter 3, we investigate

the effect of annealing atmosphere on the optical properties of Bi doped zeolites by diffuse

reflectance, steady state and time-resolved PL, and PL excitation measurements. The re-

sults reveal that zeolites can be used as an excellent host material to stabilize multiple

Bi centers (Bi3+, Bi2+, and Bi-related NIR active centers) in the framework, which shows

ultra-broadband emission from visible to NIR range. Annealing in N2 leads to the partial

conversion of Bi3+ ions into Bi2+ and Bi-related NIR active centers. Our results demon-

strate that the broadband NIR emission may be attributed to the electronic transition of

Bi low valence state, rather than a higher valence state.

1.4.2 Photoluminescence properties of Bi and lanthanide ions

co-doped zeolites

The goal of the second part is to investigate the optical properties and energy transfer

process between Bi and lanthanide ions (Er, Nd, Yb, and Eu) in zeolites. In chapter

4-6, we have shown that tunable and highly efficient broadband NIR luminescence can

be realized in Er-Bi, Nd-Bi, and Yb-Bi co-doped zeolites. The intensity ratio of the

two bands can be tuned by adjusting the concentration of lanthanide ions and excitation

wavelength. Steady state and time-resolved PL, and PL excitation measurements indicate

that two kinds of emitters coexist in the pores of zeolites, and that near infrared active

bismuth simultaneously acts as a sensitizer of lanthanide ions. The findings may have

potential applications in broadband fiber amplifier and biological imaging. In chapter 7,

we investigate the optical properties of Eu doped zeolites by co-doping Bi. The addition

of Bi3+ strongly enhances the red luminescence of Eu3+ (5D0 → 7F2) in zeolites about

50 times, and the lifetime is significantly increased from 25.8 µs to 2.46 ms. The results

reveal that the O2− → Eu3+ charge transfer band and sensitization of Bi3+ ions distinctly

enhances the excitation band of Eu3+ ions in the ultraviolet region. The energy transfer

efficiency is estimated to be 78 %. It is expected that the present Eu-Bi co-doped zeolites

have potential application in white-LEDs.

18
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1.4.3 Simultaneously doping of different kinds of lanthanide ions

in Bi doped zeolites

The goal of the third part is to simultaneously dope different kinds of lanthanide ions

(Dy and Yb) in Bi doped zeolites and investigate the structural and optical properties.

In chapter 8, ultraviolet-blue to NIR downconversion is investigated for the Dy3+ - Yb3+

couple in zeolites by steady-state and time-resolved photoluminescence spectra, and ex-

citation spectra. Upon excitation of the 4F9/2 level of Dy3+, NIR quantum cutting could

occur through a two-step energy transfer from one Dy3+ ion to two neighboring Yb3+

ions via an intermediate level. The energy transfer efficiency from the 4F9/2 level is esti-

mated to be 42 %, and the intrinsic PL quantum efficiency of Yb3+ emission reaches 54

%. The findings may have potential application in enhancing the energy efficiency of the

silicon-based solar cell.
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Photoluminescence properties of Bi

doped zeolites
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Chapter 2

Effect of doping concentration on

broadband near-infrared emission of

Bi doped zeolites

In this chapter, a series of Bi doped zeolites are prepared by an ion-

exchange process by changing doping concentration in a wide range, and

the optical properties are investigated. The near-infrared photolumines-

cence (PL) intensity, full width at half maximum and decay time depend

strongly on Bi doping concentration. The PL intensity increases 178

times when the concentration is changed from 0.3 to 1.5 at.%. At the

same time, the lifetime increases from 83 to 527 µs. The results prove

the model that doped Bi acts not only as optically active centers, but

also as pore-sealing substances to isolate the centers. The comparison

of PL and Raman data suggests that in addition to previously proposed

Bi2O3, other Bi-related materials, probably Bi metal, play an important

role to isolate the active centers.

2.1 Introduction

With the rapid development of optical telecommunication, there exists an urgent re-

quirement to develop broadband fiber amplifiers and laser sources to achieve more efficient

wavelength division multiplexing transmission network with higher capacity and faster

bit rate. Recently, the telecommunication transmission window has been extended to the

range from 1.2 to 1.7 µm by the elimination of OH in silica fibers. As a result, explor-

ing a new luminescent material which can cover the whole telecommunication window

has attracted great attention [1-8]. More recently, Fujimoto and Nakatsuka reported a
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broadband near-infrared (NIR) emission from Bi-doped silica glass and realized its optical

amplification at 1300 nm with 800 nm excitation [1,2]. Subsequently, the broadband NIR

emissions of Bi were investigated in different host materials, such as glasses [3,4], crystals

[5,6], and zeolites [7,8].

Zeolites are microporous crystalline aluminosilicates with nanosized pores. Their frame-

work is composed of SiO4 and AlO4 tetrahedra units by sharing oxygen between every

two consecutive units, and cations located inside channels or cavities to balance negative

charges in the framework. For a long time, zeolites played indispensable roles in many

technological and economical applications, such as catalysis, ion exchange, and separa-

tions [9,10]. Recently, zeolites acting as host materials of optically active guests have

attracted much attention for constructing novel materials designed at nanosized levels,

because of their low-frequency vibrational framework, regularly spaced nanochannels and

nanopores, and inexpensive price [11-27]. At present, visible luminescence with very high

efficiencies from rare-earth-functionalized zeolites has been reported [11,12]. However, it

is not easy to observe efficient NIR emission in zeolites, due to the strong nonradiative

relaxation of the excited energies by water molecules within the pores of the zeolites host

[13,14]. Until now, several strategies have been reported to overcome this difficulty [7,15-

19]. Very recently, Sun et al. [7] reported efficient broadband NIR luminescence from Bi

doped zeolites. They proposed that effective isolation of Bi-related active centers from

environment by Bi2O3 agglomerates results in the efficient NIR luminescence [27]. In this

process, the Bi concentration is a very important parameter to achieve the maximum

luminescence efficiency because doped Bi acts not only as NIR luminescence centers but

also as pore-sealing substances. However, the effect of doping concentration on optical

properties in Bi doped zeolites has not been investigated in detail.

In this work, we investigate the optical properties of Bi doped zeolites by changing

doping concentration in a very wide range. The measurement results show that NIR

photoluminescence (PL) intensity, full width at half maximum (FWHM) and decay time

are strongly dependent on Bi concentration in zeolites. Highly efficient NIR emission

from Bi-related active centers can be realized by increasing Bi concentration to 1.2 at.%,

and further increase causes the shortening of lifetime. It is also proposed that Bi2O3 and

bismuth metal agglomerates are formed in zeolites, and separate Bi-related active centers

from quenchers.

2.2 Experimental details

The samples used in this study were synthesized by an ion-exchange method. The NH4

form of faujasite (FAU) type zeolite was purchased from Tosoh Co. Japan (Zeolite Y,

SiO2/Al2O3 = 7, grain size 700 - 1000 nm). Zeolites were stirred in a 10 - 80 mM aqueous
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solution of Bi3+ prepared from Bi(NO3)3.5H2O for 24 h to exchange NH4 ions with Bi3+

ions. The products were removed by centrifugation, then washed with deionized water,

and dried in air at 120 oC. The Bi doped zeolites were calcined at 900 oC for 1 h in N2

atmospheric condition. All samples were exposed to the laboratory atmosphere prior to

measurements.

The prepared products were characterized by an X-ray diffractometer (Rigaku-TTR/S2,

λ=1.54056 Å), and the crystallinity of all samples is estimated from the ratio of the sums

of the intensities of the peaks (111), (311), (331), (511), (440), (533), and (642) of the

doped zeolites and the undoped-zeolites, by following a usual procedure [28,29]. Bi con-

centration was determined by energy-dispersive X-ray spectroscopy (EDS). Hereafter, the

samples were denoted as Bi-X, where X is bismuth atomic concentrations in the final prod-

ucts. PL measurements were carried out with the excitation of a 488 nm line from an Ar+

laser and a 355 nm line from a He-Cd laser. The signal was analyzed by a single grat-

ing monochromator and detected by liquid-nitrogen-cooled InGaAs and CCD detectors.

PL excitation spectrum was obtained by a NIR PL spectrophotometer (Bunkoh-Keiki

Co. Ltd., Tokyo, Japan) equipped with an InGaAs detector. The absorption spectrum

was measured by a Jasco V-570 UV-VIS-NIR spectrophotometer. Time-resolved lumi-

nescence measurements were performed by detecting the modulated luminescence signal

with a photomultiplier tube (Hamamatsu, R5509-72), and then analyzing the signal with

a photon-counting multichannel scaler. The excitation source for decay time measure-

ments was 488 nm light from an optical parametric oscillator (OPO) pumped by the

third harmonic of a Nd:YAG laser (pulse width 5 ns, repetition frequency 20Hz). Raman

spectra were recorded by using a SPEX 1877 triple spectrometer under the excitation

of a 514.5 nm line from the Ar+ laser. All the measurements were carried out at room

temperature.

2.3 Results and discussion

The color of the powder samples turned gradually from white to shallow pink with in-

creasing concentration of Bi ions. Figure 2.1 shows the XRD patterns of undoped-zeolites

and Bi doped zeolites (Bi-0.9). The comparison of two spectra indicates that no new

diffraction peak develops after doping and thermal treatment. However, a broad back-

ground appears and the peak intensity decreases in Bi doped zeolites. The crystallinity of

all samples is calculated to be 92 % (Bi-0.3), 78 % (Bi-0.6), 67 % (Bi-0.9), 61 % (Bi-1.2),

and 54 % (Bi-1.5). The results reveal a decreasing trend of crystallinity as the doping

concentration increases. However, the zeolite structure is still maintained even in the

highest doping concentration sample.

The NIR PL spectra of Bi doped zeolites excited at 488 nm are shown in figure 2.2
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Figure 2.1: X-ray diffraction patterns of undoped-zeolites and Bi doped zeolites (Bi-0.9).

(a). All samples show broad NIR emission in the range of 930 - 1480 nm with the peak

wavelength of 1145 nm. The broad PL is usually assigned to Bi+, but it is not finally

proved [5,8]. Thus, we ascribe the origin of the luminescence to Bi-related active centers

here. Figure 2.2 b shows PL intensity at 1145 nm as a function of Bi concentration. The

PL intensity is normalized with respect to that of Bi-0.3. By increasing Bi concentration,

PL intensity significantly increases; it increases about one order of magnitude from Bi-0.3

to Bi-0.6. Above the concentration, the intensity increases even steeper. When the Bi

concentration reaches 1.5 at.%, the PL intensity increases 178 times comparing with that

in Bi-0.3 sample. Figure 2.2 (b) also shows the dependence of FWHM on Bi concentration.

The FWHM increases gradually until the Bi concentration reaches 1.2 at.%, and then

significantly increases to 212 nm in the Bi-1.5 sample.

The increase of FWHM with increasing Bi concentration can be explained as follows.

As reported in the literature, the spectral properties of Bi ions are very sensitive to their

local environment [3]. FAU-type zeolites consist of three kinds of units (α-cages, the
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Figure 2.2: (a) PL spectra of Bi doped zeolites in the NIR range, excited at 488 nm. (b)

The normalized intensity at 1145 nm (left scale) and full width at half maximum (right

scale) as a function of Bi concentration. Note that the arrows were drawn for guiding the

eye.
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Figure 2.3: Absorption spectrum of Bi-1.2 sample (left scale), and the excitation spectra

of the corresponding sample detected at 1145 nm (right scale). Note that the arrows were

drawn for guiding the eye.

sodalite cages, and the double six-ring hexagonal prisms), and have several sites (such as

SI, SI’, SII, SII’, and SIII sites) for cations [14]. It is possible that some ion-exchange sites

are favourable for Bi ions, and thus Bi locates at these positions for low concentration

samples. By increasing doping concentration, Bi ions occupy other sites with different

crystal field strength, which results in the broader emission band of Bi ions.

The absorption spectrum of Bi-1.2 sample is shown in figure 2.3. Three absorption

bands at 500 nm, 700 nm, and 1400 nm are observed. There have been reports on Bi

doped silica glasses in which absorption spectra were composed of three bands occurring

at 500 nm, 700 nm, and 800 nm [3]. Therefore, in our sample, the absorption bands at

500 nm and 700 nm can be assigned to Bi-related active centers. The strong absorption

at 1400 nm is considered to be due to the coordinated water in zeolites. The excitation

spectrum of the corresponding sample is also shown in figure 2.3. Two strong excitation

bands at 470 nm and 700 nm are detected, which almost coincide with the absorption

spectrum. In addition, a week peak at 620 nm is observed.

Figure 2.4 (a) shows the PL decay curves of Bi doped zeolites detected at 1145 nm.

These curves could not be fitted by single-exponential decay, thus the mean lifetime (τm)
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is calculated by

τm =

∫ ∞

t0

[I(t)/I0]d(t), (2.1)

Where I(t) is the luminescence intensity as a function of time t and I0 is the maximum of

I(t) that occurs at the initial time t0. As shown in the figure, the longest lifetime reaches

542 µs, which is comparable to those reported for Bi doped glasses and crystals [1,4,5]. It

can be seen that the decay curves of Bi doped zeolites show a fast drop at the beginning,

followed by a single-exponential slow component. To further study the relation between

the fast and slow components, we fitted all curves by double-exponential decay

I(t) = Afastexp

(
− t

τfast

)
+ Aslowexp

(
− t

τslow

)
, (2.2)

Figure 2.4 (b) presents the τfast and τslow. The τslow is almost constant (662 µs) until

Bi concentration reaches 1.2 at.%, and slightly decreases to 596 µs at the highest Bi

concentration sample. The very long lifetime of the slow component suggests that it is

an intrinsic radiative lifetime of Bi-related active centers in zeolites. The reason for the

decrease of τslow at high concentration will be discussed later. In contrast to this, the

τfast increases significantly from 3 to 80 µs by increasing Bi concentration. Figure 2.4 (c)

shows the evolution of Afast and Aslow for different Bi concentration samples. With the

increase of Bi concentration, an anticorrelation is observed between Afast and Aslow.

The PL decay data suggest that Bi-related active centers in zeolites can be classified

into two categories and the ratio of the two groups depends on the Bi concentration.

The first one is Bi active centers which are almost completely isolated from non-radiative

relaxation processes and have very long luminescence lifetime. The other group is the Bi

active centers contributing to the fast component of decay curves. With increasing Bi

concentration, the lifetime becomes longer and the ratio of these centers decreases. These

results indicate that the fast decay component is controlled by non-radiative relaxation

processes and they are effectively suppressed by increasing Bi concentration. This is

consistent with the significant enhancement of the PL intensity with the increase of Bi

concentration.

The most probable origin of the nonradiative relaxation process in the present system

is the excitation of the high-frequency vibrational modes of coordinated water in the

zeolite cages. As is known, the coordinated water mainly exists in the supercages, thus

it is probable that the Bi-related active centers in supercages mainly contribute to the

fast decay component. Since the PL intensity increases and the fast decay component

decreases with increasing Bi concentration, Bi not only acts as NIR luminescence centers

but also as substances to protect Bi active centers from coordinated water.

In previous papers, our group proposed a model that Bi ions migrate into the pores

of zeolites by ion-exchange process, and after subsequent high temperature annealing,
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Figure 2.4: (a) PL decay curves of Bi doped samples detected at 1145 nm. All curves

are fitted by double-exponential decay equation, and fitted results are also shown, respec-

tively. (b) The dependence of the τfast and the τslow on Bi doping concentration. (c) The

dependence of the Afast and Aslow on Bi doping concentration.

36

(a)100 

0 

(b) 
80 

en 60 2-
Q) 

E 
:;:; 
>-
'" 40 () 
Q) 

"0 

en 
'" LL 20 

0 

0.3 

(C) 10 

0.8 

>-
() 0.6 <: 
Q) 
'0 
IE 
Q) 0.4 0 
u 

0.2 

0.0 

0.3 

detected@1145 nm 

2 

mean lifetime 
o Bi-0.3: 83 !is 
o Bi-0.6: 210 !is 
f". Bi-0.9: 382 !is 
'> Bi-1.2: 542 !is 
o Bi-1.5: 527 fLS 

3 4 
Time (ms) 

~ ' ,.-,-,-,- - --- I 

T slow 
I 

I · 

/ 
/ 

f ra/ 
/" 

--~// 
----". 

0.6 0.9 1.2 1.5 
Bi(at. %) 

__ A 
fas t 

--e-- A 
slow ,. 

0 ' 

, 

• 

, 0 

0.6 0.9 1.2 1.5 
Bi (at. %) 

600 

en 
2-
Q) 

E 
400 :;:; 

>-
'" () 
Q) 

"0 

:;;: 
0 

200 en 

0 

(a)100 

0 

(b) 
80 

en 60 2-
Q) 

E 
:;:; 
>-
'" 40 () 
Q) 

"0 

en 
'" LL 20 

0 

0.3 

(C) 10 

0.8 

>-
() 0.6 <: 
Q) 
'0 
IE 
Q) 0.4 0 
u 

0.2 

0.0 

0.3 

detected@1145 nm 

2 

mean lifetime 
o Bi-0.3: 83 !is 
o Bi-0.6: 210 !is 
f". Bi-0.9: 382 !is 
'> Bi-1.2: 542 !is 
o Bi-1.5: 527 fLS 

3 4 
Time (ms) 

~ ' ,.-,-,-,- - --- I 

T slow 
I 

I · 

/ 
/ 

f ra/ 
/" 

--~// 
----". 

0.6 0.9 1.2 1.5 
Bi(at. %) 

__ A 
fas t 

--e-- A 
slow ,. 

0 ' 

, 

• 

, 0 

0.6 0.9 1.2 1.5 
Bi (at. %) 

600 

en 
2-
Q) 

E 
400 :;:; 

>-
'" () 
Q) 

"0 

:;;: 
0 

200 en 

0 



2.3 Results and discussion Chapter 2

Figure 2.5: Raman spectra of Bi doped zeolites with different doping concentration. Raman

spectrum of undoped-zeolites is shown as a reference.

parts of Bi ions are converted to Bi-related active centers, and the other parts form Bi2O3

agglomerates, due to the low melting point of bismuth compounds [7,27]. The Bi2O3

agglomerates act as a blockage to seal the pores of zeolites, which can avoid the admission

of coordinated water into the pores of zeolites. To verify the model, we measured the

doping concentration dependence of Raman spectra in Bi doped zeolites. As shown in

figure 2.5, all samples show characteristic scattering bands of zeolites in the range of 200

- 600 cm−1, which can be assigned to the Si-O-Si or Si-O-Al bending modes [30,31]. In

addition, a new broad band at 150 cm−1 appears when the Bi concentration is equal or

larger than 0.6 at.%, which can be assigned to Bi2O3 [27,32]. It can be seen that the

change of Raman spectra in this Bi concentration range is very small, which suggests the

tiny difference of the Bi2O3 amount in these samples.

It is reported that the emission bands of Bi3+ occurs in the ultraviolet, green, or even

red wavelength regions with variation of host materials [33]. To confirm the Raman data,

we measured the emission spectra of Bi doped zeolites in the visible range, excited by

325 nm. As shown in figure 2.6 (a), all samples show a broad emission band in the range

of 400 - 750 nm, which can be assigned to the electronic transition of Bi3+. It is also

observed that the peak position slightly shifts from 500 nm to 526 nm with increasing Bi
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Figure 2.6: (a) PL spectra of Bi doped zeolites in the visible range, excited at 325 nm. (b)

The normalized intensity as a function of Bi concentration.
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Figure 2.7: Schematic illustration of Bi doped zeolites at different doping concentration.

concentration from 0.3 at.% to 1.5 at.%. Figure 2.6 (b) shows the dependence of visible

PL intensity on Bi concentration. The PL intensity is normalized with respect to that

of Bi-0.3. As is shown, the Bi3+ emission intensity is not linearly increased by increasing

Bi concentration. The PL intensity seems to be saturated slowly, suggesting the small

change of Bi2O3 amount in high Bi concentration samples, which is consistent with the

Raman data.

When the Bi concentration is 0.3 at.%, the amount of Bi is too small, so that Bi2O3

amount is not enough to isolate Bi-related active centers from coordinated water. When

the Bi concentration is equal or larger than 0.6 at.%, the NIR PL intensity increases

steeply and the fast component in decay curves is gradually suppressed. In contrast to

this, the increase of the visible PL from Bi2O3 is very small. The results combined with the

Raman data strongly suggests that Bi exists not only as Bi2O3, but also as another form in

the high doping concentration samples, which also can act as a blockage substance. As is

known, Bi2O3 can be partially converted into atomic bismuth metal at high temperature

[34]. Based on measurement results, we surmise that the mixtures of Bi2O3 and bismuth

metal are contributable to seal the pores of zeolites, which is shown as figure 2.7. When

the Bi concentration exceeds 1.2 at.%, the lifetime of the slow component becomes shorter,

which is probably due to concentration quenching effect or deactivation by Bi metal.

2.4 Conclusion

The mechanism of efficient NIR emission from Bi doped zeolites was studied by ana-

lyzing PL and Raman scattering data for the samples with different Bi concentrations.

The NIR PL intensity increases significantly with increases Bi concentration; it increases

178 times when the concentration is changed from 0.3 to 1.5 at.%. The significant in-

crease of the intensity is accompanied by the lengthening of the lifetime. The observed
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Chapter 2 2.4 Conclusion

Bi concentration dependence of the PL data clearly indicates that doped Bi acts not

only as optically active centers, but also as pore-sealing substances to isolate the centers.

Therefore, in this system, Bi concentration is a very important parameter to have the

maximum luminescence efficiency. The comparison of PL and Raman data suggests that

in addition to previously proposed Bi2O3, other Bi-related materials, probably Bi metal,

play an important role to isolate the active centers.
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Chapter 3

Controlling the optical properties by

annealing atmosphere - Co-existence

of Bi with multiple valence states in

zeolites

In this chapter, we investigate the effect of annealing atmosphere on

the optical properties of Bi doped zeolites by diffuse reflectance, steady

state and time-resolved photoluminescence (PL), and PL excitation mea-

surements. The results reveal that zeolites can be used as an excellent

host material to stabilize multiple Bi centers (Bi3+, Bi2+, and Bi-related

near-infrared (NIR) active centers) in the framework, which shows ultra-

broadband emission from visible to NIR range. Annealing in N2 leads to

the partial conversion of Bi3+ ions into Bi2+ and Bi-related NIR active

centers. Our results demonstrate that the broadband NIR emission may

be attributed to the electronic transition of Bi low valence state, rather

than a higher valence state.

3.1 Introduction

In the past decades, Bi ions have attracted a great deal of attention for the potential

applications in phosphor, laser, and optical communication [1-12]. As is known, Bi ions

can exist in materials with different valence states, such as 0, +1, +2, +3, and +5, which

show the characteristic emissions in different wavelength region. For instance, Xia et al.

[3] reported that an intense emission at 443 nm can be obtained in Bi3+-doped CaSb2O6

phosphor as a potential blue candidate for white-LED and other display devices. Peng et
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al. [6] successfully synthesized Bi2+-doped MBPO5 (M = Ba2+, Sr2+, Ca2+), and observed

orange and red emissions with improved color quality. Recently, many groups reported

that Bi-doped glasses and crystals show ultra-broad near-infrared (NIR) luminescence

in the wavelength region from 1000 nm to 1600 nm with FWHM over 200 nm covering

the whole telecommunications window [7-12]. It is an interesting work to explore a host

material to accommodate these Bi multiple valence states in a single framework for various

applications.

Zeolites are crystalline microporous aluminosilicates, constituted by a tri-dimensional

arrangement of SiO4 and AlO4 tetrahedra, linked by oxygen atoms forming different

construction units and large frameworks. It is well known that zeolites possess some

unique features of low-frequency vibrational framework, regularly spaced nanochannels

and nanopores, and ion-exchange capacity [13-15]. These particular structural properties

make it very promising as host materials of optically active centers for constructing novel

materials designed at nanosized levels [14-24]. Recently, it is reported that highly efficient

NIR photoluminescence (PL) from Bi doped zeolites can be realized after annealing in an

inert atmosphere, and the quantum efficiencies are strongly dependent on the annealing

temperature and the Bi doping concentration [21,23]. As is known, annealing atmosphere

is an important parameter for the optical properties of Bi doped zeolites, since the vari-

ation of Bi valence states is very sensitive to annealing condition [25]. Therefore, it is

necessary to investigate the effect of annealing atmosphere on the optical properties of Bi

doped zeolites for practical applications.

In this work, we prepare Bi doped zeolites by an ion-exchange process and subsequent

high temperature annealing in air and N2. Diffuse reflectance, steady state and time-

resolved PL, and PL excitation (PLE) spectra have been measured to investigate the

optical properties of Bi doped zeolites. The results reveal that zeolites can be used as an

excellent host material to stabilize multiple Bi centers (Bi3+, Bi2+, and Bi-related NIR

active centers) in the framework, which shows ultra-broadband emission from visible to

NIR range. The origin of the broadband NIR emission is discussed.

3.2 Experimental details

The samples studied in this work were synthesized by the method described previ-

ously [21,22]. Zeolites were stirred in a 50 mM aqueous solution of Bi3+ prepared from

Bi(NO3)3.5H2O for 24 h to exchange NH4 ions with Bi3+ ions. The products were removed

by centrifugation, then washed with deionized water, and dried in air at 120 oC. The Bi

doped zeolites were calcined at 900 oC for 1 h in air and N2, respectively. All samples

were exposed to the laboratory atmosphere prior to measurements.

The prepared products were characterized by a X-ray diffractometer (Rigaku-TTR/S2,
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λ=1.54056 Å), and an energy-dispersive X-ray spectroscopy (EDX). Diffuse reflectance

spectra were recorded by a UV-visible-NIR scanning spectrophotometer (UV-3101PC) by

using barium sulphate as a reference. PL and PLE spectra in the range of 370 - 930

nm were obtained by a CCD detector upon exciting with a Xe lamp. PL spectra in

the range of 930 - 1630 nm were measured by the excitation of a 488 nm line from an

Ar+ laser. The signal was analyzed by a single grating monochromator and detected by a

liquid-nitrogen-cooled InGaAs detector. Excitation spectrum at 1145 nm was obtained by

a NIR PL spectrophotometer (Bunkoh-Keiki Co. Ltd., Tokyo, Japan) equipped with an

InGaAs detector. Time-resolved luminescence measurements were performed by detecting

the modulated luminescence signal with a photomultiplier tube (Hamamatsu, R5509-

72), and then analyzing the signal with a photon-counting multichannel scaler. The

excitation sources for decay time measurements were 355 nm and 488 nm lights from an

optical parametric oscillator (OPO) pumped by the third harmonic of a Nd:YAG laser

(pulse width 5 ns, repetition frequency 20Hz). All measurements were performed at room

temperature.

3.3 Results and discussion

The Bi doped zeolites show different colors after annealing in air and N2. After annealing

in air, the powder is white, while annealing in N2, the sample becomes shallow pink.

Figure 3.1 shows the XRD patterns of undoped-zeolites, Bi-air, and Bi-N2 samples. The

comparison of these spectra indicates that, although the doping and thermal treatment

result in the decreases of the peak intensity in the doped samples, the zeolite structure

is still maintained. It should be noted that there is one weak peak at 2θ = 21.9 for the

doped zeolites, which can be attributed to the (101) reflection of the Cristobalite silica

(JCPDS No. 11-0695). The EDX spectrum of Bi-N2 sample is shown in figure 3.2. The

atomic compositions of the sample are determined to be 30.37 % (Si), 6.23 % (Al), 62.28

% (O), and 1.12 % (Bi). The atomic ratio of Bi/Al is calculated to be about 18 %.

Figure 3.3 shows the diffuse reflectance spectra of Bi-air and Bi-N2 samples. Only one

absorption band at 1400 nm is observed in Bi-air sample, while three absorption bands

at 500 nm, 700 nm and 1400 nm are detected in Bi-N2 sample. As is known, a typical

feature of zeolites is that they can easily absorb water in air [16]. Therefore, the band

at 1400 nm in our samples is ascribed to the absorption of the coordinated water. The

absorption bands at 500 nm and 700 nm are commonly observed in Bi-doped glasses,

which can be assigned to Bi-related NIR active centers [7,8]. The difference between the

two spectra is shown in the inset of figure 3.3. Besides the bands at 500 nm and 700 nm,

a strong band at 300 nm can be confirmed, which is the typical absorption of Bi3+ ions.

The results reveal that the Bi3+ absorption in Bi-air sample is much stronger than that
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Figure 3.1: X-ray diffraction patterns of undoped-zeolites, Bi-air, and Bi-N2 samples.

The peaks marked by the * symbol indicate the (101) reflection of the Cristobalite silica

(JCPDS No. 11-0695).

of Bi-N2 sample.

The PL spectra of Bi-air and Bi-N2 samples in the range of 370 - 930 nm are shown

in figure 3.4 (a). In the Bi-air sample, a strong emission band at 520 nm and a weak

emission band at 800 nm are observed. Interestingly, in the Bi-N2 sample, the emission

band at 520 nm is decreased, while the emission band at 800 nm is significantly enhanced.

It is important to point out that, in the measurements, the Bi-air and Bi-N2 samples

show white light, which are bright enough to be observed by the naked eye even at the

excitation power as low as 2.5 mW. To clarify the origin of these two bands, the excitation

spectra of Bi-air sample detected at 520 nm and Bi-N2 sample detected at 800 nm are

recorded, which in shown in figure 3.4 (b). The Bi-air sample detected at 520 nm shows

an excitation band at about 320 nm. Based on the PL and PLE spectra, the 520 nm

emission can be assigned to the electronic transition of Bi3+ ions [1-3]. In the previous

works, the characteristic Raman band of Bi2O3 was observed in Bi doped zeolites, which

indicates that Bi3+ ions exist as Bi2O3 clusters in zeolites [23,24]. On the other hand, the

excitation spectrum at 800 nm for Bi-N2 sample is characterized by the presence of two
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Figure 3.2: EDX spectrum of Bi-N2 sample.

bands at 380 nm and 710 nm. According to the results of Srivastava et al. [4] and Peng

et al. [6], the 800 nm emission most likely arises from the Bi2+ centers. Figure 3.4 (c)

shows the decay curves of Bi-air and Bi-N2 samples detected at 520 nm and 800 nm. The

1/e lifetimes are about 1.5 µs (at 520 nm) and 8.7 µs (at 800 nm) in Bi-air sample, and

1.6 µs (at 520 nm) and 10 µs (at 800 nm) in Bi-N2 sample. The lifetimes detected at 520

nm and 800 nm are similar between the two samples, and these values are comparable to

those reported in Bi doped glasses and crystals [6,25].

In the low-power excitation regime, the luminescence intensity is proportional to the

amount of active centers. Therefore, the PL intensities of Bi3+ and Bi2+ ions in figure

3.4 (a) are determined by the amount of Bi3+ and Bi2+ ions in the samples. The above

results reveal that the Bi3+ absorption and emission in Bi-air sample is much stronger

than that of Bi-N2 sample, which clearly proves that the amount of Bi3+ ions is decreased

after annealing in N2. On the other hand, the Bi2+ emission intensity in Bi-N2 sample is

almost three times stronger than that in Bi-air sample, which indicates that the amount

of Bi2+ ions is significantly increased after annealing in N2. It should be mentioned that

Bi2+-doped materials are presently limited to a few types of materials, such as strontium

borates and alkaline earth borophosphates, because of the difficulties of stabilizing the

divalent Bi ions [4-6]. Our results demonstrate that high temperature annealing leads to
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Figure 3.3: Diffuse reflectance spectra of Bi-air and Bi-N2 samples in the wavelength

region from 250 nm to 1600 nm. The inset shows the difference between the two spectra

in the range of 250 - 850 nm.

the partial reduction of Bi ions from +3 to +2 valence state, and this process becomes more

efficient when annealing in the inert atmosphere. It is reported that Bi2O3 can be partially

converted into BiO at relatively high temperature, which coincides with our results [26].

The variation between Bi3+ and Bi2+ valence states in zeolites can be expressed as the

following reaction:

2Bi2O3 ←→ 4BiO + O2

High temperature annealing can decompose Bi2O3 into BiO, and on the other hand,

annealing in air results in the oxidation of BiO into Bi2O3. The reversible reaction can

reach a dynamic balance depending on annealing temperature and annealing atmosphere.

Therefore, Bi2O3 and BiO clusters are stabilized in the pores of zeolites.

Figure 3.5 (a) shows the emission spectra of Bi-air and Bi-N2 samples in the range of

930 - 1630 nm. For the Bi-air sample, no infrared emission is detectable in this region.

In contrast, we observe a broad NIR emission centered at 1145 nm in the Bi-N2 sample.

The origin of this broadband NIR emission is still unclear, so we tentatively assign it to

Bi-related NIR active centers. The broadband emission covers the range of 970 - 1600

nm, and the full-width at half maximum is about 184 nm. The excitation spectrum

detected at 1145 nm is shown in figure 3.5 (b). We observed two strong excitation bands
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Figure 3.4: (a) Photoluminescence spectra of Bi-air and Bi-N2 samples in the range of

370 - 930 nm. The excitation wavelength is 355 nm. (b) Excitation spectra of Bi-air

sample detected at 520 nm and Bi-N2 sample detected at 800 nm, respectively. (c) Decay

curves of Bi-air and Bi-N2 samples detected at 520 nm and 800 nm.
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Figure 3.5: (a) Photoluminescence spectra of Bi-air and Bi-N2 samples in the range of

930 - 1630 nm. The excitation wavelength is 488 nm. (b) Excitation spectrum and (c)

decay curve of Bi-N2 sample detected at 1145 nm. The fitting result of decay curve is I(t)

= 0.237 exp (−t/58) + 0.748 exp (−t/870).
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at 470 nm and 700 nm and a weak peak at 620 nm. Figure 3.5 (c) shows the decay

curve of the emission at 1145 nm. The decay curve shows a fast drop at the beginning,

followed by a first-order exponential slow component. To further study the fast and

slow components, the curve is fitted by a double-exponential function. The lifetimes of

fast and slow components are estimated to be 58 µs and 870 µs, respectively, and the

contribution of slow component is about 75 %. It is reasonable to assume that Bi-related

active centers in zeolites can be classified into two parts. One part is the NIR active

centers which are almost completely isolated from non-radiative relaxation processes and

have very long luminescence lifetime. The other part is the NIR active centers strongly

quenched by non-radiative relaxation processes. Due to particular morphology, this type

of zeoltes always contains a large amount of coordinated water, which strongly quenches

NIR emission [15-19]. However, the large contribution of slow component suggests that

most of the active centers are well isolated from the coordinated water in our sample.

As is known, FAU-type zeolites consist of three kinds of units (α -cages, the sodalite

cages, and the double six-ring hexagonal prisms), and have several sites (such as SI, SI’,

SII, SII’, and SIII sites) for cations [16]. Therefore, Bi3+ ions can migrate into the pores of

zeolites by the ion-exchange process. Based on the results, Bi-related NIR active centers

are formed in our sample after annealing in N2. It is noteworthy that the melting points

of all inorganic bismuth compounds are below 820 oC [27]. High-temperature annealing

leads to the formation of Bi2O3 and BiO clusters, which act as a blockage material to seal

the pores of zeolites. As a result, the Bi-related NIR active centers can be protected from

the quenching effect of the coordinated water, and have chance to show very long lifetime

in zeolites. The quantum efficiency of the NIR emission has been previously estimated

[21].

In the previous publications, the NIR emission has been attributed to electronic tran-

sition of Bi5+ [7], Bi2+ [11], Bi+ [8], or Bi clusters [9]. However, the origin is still con-

troversial. According to our results, the emission and excitation properties of Bi-related

NIR active centers are completely different from those of Bi2+ ion. Therefore, Bi2+ can be

ruled out from the origin of broadband NIR emission. On the other hand, it is known that

the Bi5+ containing compounds become extremely unstable at temperature higher than

300 oC [28], such that Bi5+ is less likely to exist in our sample after annealed at 900 oC.

The results of measurements show that annealing at oxidation atmosphere results in the

destruction of Bi-related NIR active centers, which strongly suggests that the broadband

NIR emission is related to Bi low-valence state (Bi+ or Bi clusters), rather than a higher

valence state.
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3.4 Conclusion

In conclusion, the effect of annealing atmosphere on the optical properties of Bi doped

zeolites is studied by diffuse reflectance, steady state and time-resolved PL, and PLE

spectra. It is revealed that Bi doped zeolites can be exploited as a tunable ultra-broadband

light-source by controlling annealing condition, which covers the broad visible and NIR

range. Annealing in N2 leads to the partial conversion of Bi3+ ions into Bi2+ and Bi-

related NIR active centers. Most of Bi-related NIR active centers are well isolated from

the coordinated water in zeolites due to sealing the pores of zeolites by Bi2O3 and BiO

clusters. Our results demonstrate that the broadband infrared emission may be attributed

to the electronic transition of Bi low valence state, rather than a higher valence state.
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Chapter 4

Efficient near-infrared luminescence

and energy transfer in

erbium/bismuth co-doped zeolites

In this chapter, we have shown that tunable and highly efficient broad-

band near-infrared luminescence can be realized in Er/Bi co-doped ze-

olites. The emission covers the ranges of 930 - 1450 nm and 1450 -

1630 nm. The intensity ratio of the two bands can be tuned by adjust-

ing the concentration of Er and excitation wavelength. Steady state and

time-resolved photoluminescence (PL), and PL excitation measurements

indicate that two kinds of emitters coexist in the pores of zeolites, and

that near infrared active bismuth simultaneously acts as a sensitizer of

erbium. The present results demonstrate an important rational strategy

for the design of a tunable near-infrared emitting zeolite-based nanosys-

tem.

4.1 Introduction

Zeolites are microporous crystalline solids with well-defined structures containing sil-

icon, aluminium and oxygen in their frameworks and cations, water or other molecules

within their pores. Due to their particular morphological features, zeolites have very high

surface areas and have been widely used in applications such as catalysis, ion exchange,

and separations [1, 2]. Recently, zeolites acting as a host material of optically active guest

have attracted much attention for constructing novel materials designed at nanosized lev-

els [3-10]. Visible luminescence with very high efficiencies from rare-earth-functionalized

zeolites has been reported [6, 7]. In contrast, it is difficult to realize highly efficient
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near-infrared (NIR) emission in zeolites, because of the existence of coordinated water

in cages, causing fast relaxation of its excitation energy through nonradiative vibrational

deactivation [8-10]. Thus, the critical thing to increase NIR emission efficiency in zeolites

is to separate active ions from coordinate water. Up till now, several strategies have been

reported by Wada et al.[8], Lezhnina et al.[9], and Sun et al.[11] to reach this purpose.

All these methods concentrated on singly active ions doped NIR emitting zeolites. To

the best of our knowledge, there are no reports on multi-type active ions codoped zeolites

emitting in the NIR range.

Recently, we observed very broad NIR emission of“ bismuth-related active centers

(BiRAC)”from the Bi doped zeolites annealed in an inert gas atmosphere [11, 12]. Fur-

thermore, we realized efficient NIR luminescence of Er3+ by using Er/Bi co-doped zeolites

annealed in air [13]. However, we had not realized NIR emission of Er3+ and BiRAC

simultaneously until now. One of the purposes of this work is to make them optical active

simultaneously and realize NIR emission in wider wavelength range. Another purpose

is to improve the excitation efficiency of Er3+ by co-doping other optical active centers.

As is known, excitation efficiency of Er3+ is very low due to its forbidden intra-4f transi-

tion. Moreover, the intrinsically sharp and discontinuous absorption bands of Er3+ require

lasers as excitation source to realize some functional applications of Er doped materials.

Thus, it is an interesting topic to realize sensitization of Er3+ by using active centers with

broad absorption bands. Very recently, Monguzzi et al. proposed the sensitization of

Er3+ by using a suitable organic molecule acting as an antenna [10]. Though these hy-

brid composites provide new opportunities to create novel multifunctional materials, the

complicated preparation process and air-instability of these materials limit their practical

applications.

In this chapter, we prepared Er singly doped and Er/Bi co-doped FAU-type nanocrys-

talline zeolites by a method consisting of a simple ion-exchange process and subsequent

high-temperature annealing under N2 atmospheric condition. We realized two efficient

near infrared emission bands corresponding to BiRAC and Er3+ intra-4f transition in

Er/Bi co-doped samples. A clear correlation between the intensities of the two peaks can

be observed. To further investigate this phenomenon, we performed photoluminescence

excitation and decay-time measurements. The measurement results provide clear evidence

of energy transfer from Bi to Er.

4.2 Experimental details

Zeolites was stirred in x mM (x= 0.1, 0.5, 1) aqueous solution of Er3+ prepared from

Er(NO3)3.5H2O at 80 oC for 120 h to exchange NH4 ions with Er3+ ions. The products

were removed by centrifugation, then washed with deionized water, and dried in air at
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120 oC. The Er embedded zeolites were further stirred in a 0.06 M aqueous solution of

Bi3+ prepared from Bi(NO3)3.5H2O at 80 oC for 144 h to dope Bi. The products were

removed by centrifugation, then washed with deionized water, and dried in air at 120 oC.

The Er/Bi co-doped zeolites were calcined at 920 oC for 1 h in N2 atmospheric condition.

For comparison, we also prepared Er(0.5mM) singly doped zeolites. All samples were

exposed to the laboratory atmosphere prior to measurements.

The prepared products were first characterized by X-ray diffractometer (Rigaku-TTR/S2,

λ=1.54056 Å), which shows that the zeolites structure keeps well after thermal treat-

ment. Field emission scanning electron microscopy (FE-SEM) measurement reveals that

the morphology and monodispersity of the nanoparticles remain unchanged. Furthermore,

energy dispersive X-ray spectroscopy (EDS) results showed that Er and Bi concentration

was well-controlled by this experimental procedure. Photoluminescence (PL) measure-

ments were carried out with the excitation of a 488 nm and 457.9 nm lines of an Ar+

laser. PL excitation measurements were performed under the excitation with 440 - 540

nm light from an optical parametric oscillator (OPO) pumped by the third harmonic of a

Nd:YAG laser. The signal was analyzed by a single grating monochromator and detected

by a liquid-nitrogen-cooled InGaAs detector. Time-resolved luminescence measurements

were performed by detecting the modulated luminescence signal with a photomultiplier

tube (Hamamatsu, R5509-72), and then analyzing the signal with a photon-counting mul-

tichannel scaler. The excitation source for the lifetime measurements was the 488 nm light

from the OPO (pulse width 5 ns, repetition frequency 20Hz). All the measurements were

carried out at room temperature.

4.3 Results and discussion

Figure 4.1 (a) and (b) show PL spectra of Er, Bi singly and co-doped samples excited

at 488.0 and 457.9 nm, respectively. The Bi concentration is kept almost the same for

all the Bi doped samples. In Bi singly doped sample, we observe a broad emission band

centered at 1145 nm and covering the 930 - 1630 nm range. The broad PL is usually

assigned to Bi+, but it is not finally proved [14]. Thus, we ascribe the origin of the

luminescence to BiRAC here. For Er singly doped zeolites, a weak PL peak can be seen

at 1532 nm due to the intra-4f shell electronic transitions (4I13/2 → 4I15/2) of Er
3+ when

it is excited at 488 nm. This wavelength can directly excite Er3+ from the ground state

to the 4F7/2 state. When the singly doped sample is excited at 457.9 nm, no PL is

observed because Er3+ has no absorption at this wavelength. Interestingly, in co-doped

samples, remarkably strong Er3+-related PL is observed even when it is excited at 457.9

nm. Furthermore, in addition to the 1532 nm band from Er3+, co-doped samples show

broad PL from BiRAC. The full widths at half maximum (FWHM) of the luminescence
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Figure 4.1: PL spectra of Er, Bi singly and co-doped zeolites, excited by (a) 488 nm and

(b) 457.9 nm. The PL spectra of Er singly doped sample are multiplied by a factor of 102.
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of Er and Bi in all samples are 50 and 162 nm, respectively. It is obvious that in the

series of co-doped samples, with the increase of Er concentration, the emission intensity

of Er3+ monotonically increases while the BiRAC emission intensity decreases with the

introduction of Er. The phenomenon suggests that the luminescence can be controlled

through adjusting the dopant concentration.

Figure 4.2 shows photoluminescence excitation (PLE) spectra detected at 1532 nm for

a co-doped sample and an Er singly doped sample. The Er concentration of these two

samples is the same. All spectra are characterized by the presence of three sharp peaks at

452 nm, 488 nm, and 520 nm, which are assigned to the 4I15/2→ 4F5/2,
4I15/2→ 4F7/2,

4I15/2

→ 2H11/2 transitions of Er
3+, respectively. As expected, in the singly doped sample, Er3+

can only be excited at these wavelengths. On the other hand, the PLE spectrum of the

co-doped sample exhibits a continuous background superimposed on the direct excitation

peak. The broad background of the PLE spectrum suggests that, in addition to the direct

excitation, Er3+ in co-doped samples is indirectly excited by an energy transfer process.

It is noteworthy that FAU-type zeolite is transparent in the visible range, and thus does

not act as a sensitizer for Er3+. Therefore, the most probable candidate of the energy

Figure 4.2: PL excitation spectra of Er(0.5 mM)/Bi co-doped zeolites and Er(0.5 mM)

singly doped zeolites detected at 1532 nm. The PLE spectrum of singly doped sample is

multiplied by a factor of 103.
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Figure 4.3: Energy level diagram of Er/Bi co-doped zeolites which exhibits BiRAC→Er3+

energy transfer. ES, excited state; GS, ground state.

donor is BiRAC. Recently, Xu et al. reported that the introduction of Bi3+ can broaden

the excitation band of Er3+ in the ultra violet region [17]. In fact, in figure 4.1, we can see

an anti-correlation between the emission intensity of Er3+ and BiRAC. Similar behavior

has commonly been observed for donor to acceptor energy transfer systems [18].

The analysis of figure 4.2 allows us to draw a meaningful conclusion concerning the

performance of Er/Bi co-doped zeolites in comparison to Er singly doped sample. This

system is represented by the fact that it can also work under off-resonance excitation

conditions. As is known, the f-f transitions show narrow bandwidths because the processes

are confined to the inner shells and they are insensitive to the local environment, so

excitation spectrum of Er3+ is sharp and discontinuous. In contrast, we observed that the

BiRAC have a broad excitation band in the visible region. For energy transfer process,

it requires an overlap of the emission region of the sensitizer and the absorption region

of the acceptor. As shown in figure 4.3, the BiRAC emission band covers the 930 - 1630

nm range, excellently overlapping with the excitation bands of Er3+, especially the 4I15/2

→ 4I11/2 (980 nm) and 4I15/2 → 4I13/2 (1532 nm) transitions. Based on the results of

measurements, Er3+ in the co-doped system can be efficiently excited within the broad

visible region, so optical pumping using flash lamp or white LED rather than laser becomes

feasible using this broadband sensitization (figure 4.4).

Figure 4.5 (a) shows the decay curves detected at 1145nm, i.e., emission from BiRAC.

The 1/e lifetime reaches as long as 532 µs for Bi singly doped sample and it becomes
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Figure 4.4: Schematic illustrations of the excitation and emission properties of Er/Bi

co-doped zeolites.

shorter by the introduction of Er. The obtained lifetimes are comparable to those reported

for Bi doped glasses and crystals [19-21]. Figure 4.5 (b) shows decay curves detected at

1532 nm, i.e., emission from Er3+. In the Er singly doped sample, the lifetime is much

shorter than the transition intrinsic lifetime of Er3+. This is due to nonradiative relaxation

of Er3+ by strong coupling of the excitation to high-frequency vibrations of coordinated

water. In co-doped zeolites, the lifetime is significantly increased to about 5 ms. This

suggests that Er3+ is well separated from coordinated water. As shown in figure 4.6, based

on low melting points of Bi compounds and high temperature annealing, we think that Bi

compounds form agglomerates to seal the pores of zeolites, and Er3+ and partial BiRAC

can be held in captivity totally in the pores and then water molecules have little chance

to interact with them, which results in strong and long-lived NIR emission [16].

In figure 4.5 (c), PL dynamics of all co-doped samples just after excitation are shown.

In the decay curves of BiRAC (1145 nm), fast and slow components can be seen. With

increasing Er concentration, the fast component becomes more dominant and the lifetimes

become shorter. We believe that the shortening of the lifetime is the direct evidence that

Er3+ is excited indirectly by the energy transfer from BiRAC. In the decay curves of Er3+

(1532 nm), the intensity does not decay simply after excitation. It rises slowly after the

excitation and reaches maximum after 50 µs. This delayed PL is due to the combined

action of the relaxation of excited Er3+ to first excited state and the energy transfer
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Figure 4.5: PL decay curves of all samples detected at (a) 1145 nm and (b) 1532 nm. (c)

shows the time dependence of PL intensity just after excitation.
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Figure 4.6: Schematic illustrations of the blocking property of Bi agglomerates.

process from BiRAC.

4.4 Conclusion

In conclusion, Er/Bi co-doped zeolites were prepared by an ion-exchange method and

their PL properties were investigated. We observed two efficient, tunable and long-lived

emission bands covering 930 - 1450 nm and 1450 - 1630 nm, corresponding to BiRAC and

Er3+ intra-4f transition, respectively. The intensity ratio of the two bands can be tuned

by adjusting the concentration of erbium. The introduction of Bi distinctly broadened

the excitation band of Er3+ in the visible region. The steady state and time-resolved PL

results proved that efficient energy transfer process occurs in Er/Bi co-doped zeolites. The

peculiar optical properties make them promising for potential application in NIR optical

devices.
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Chapter 5

Efficient near-infrared emission from

neodymium by broadband

sensitization of bismuth in zeolites

In this chapter, Nd-Bi co-doped zeolites were prepared by an ion-

exchange process, and the optical properties were investigated by pho-

toluminescence (PL) and PL excitation spectra, and decay time mea-

surements. The results show that the near-infrared (NIR) emission of

Nd3+ ions is significantly enhanced by the introduction of bismuth in

co-doped samples, and the lifetime reaches 246 µs. Furthermore, it is

revealed that NIR active Bi acts as a sensitizer of Nd3+ ions. The en-

ergy transfer efficiency is also estimated. The peculiar optical properties

make them promising for potential application in biological probes.

5.1 Introduction

Zeolites are constructed from SiO4 and AlO4 tetrahedra linked to each other by sharing

all of the oxygen atoms. For a long time, zeolites have been used as a major class of porous

inorganic oxides that have wide applications in industry for separation and catalysis [1,

2]. In addition to common industrial applications of zeolites, there has been a tremendous

surge in the application as host materials of optically active guests in the past decade,

because the well-defined and well-organized cavities provided by zeolites host serve as an

ideal environment to organize the optically active guests well dispersed in their framework

[3-11]. However, near-infrared (NIR) emitters (such as Er3+, Yb3+, and Nd3+) hardly

show efficient emission in zeolites, because of the fast relaxation of their excitation energy

via high-frequency vibration of O-H and/or C-H bonds [4, 8]. In order to obtain strong
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emission using zeolites as the host, separating the NIR active centers from coordinated

water is necessary. Recently, Sun et al. reported that bismuth is an excellent blockage

material to realize highly efficient NIR emission in zeolites [9, 10].

Optical coherence tomography (OCT) is a noninvasive technology currently used to

perform in vivo high-resolution, cross-sectional imaging of microstructure in biological

tissues [12, 13]. For traditional OCT light sources, at 800 nm and 1.3 µm, the OCT

resolution is seriously degraded with deeper imaging depths due to the dispersion by water

in tissues. It is reported that the ultrahigh resolution of OCT can be achieved by choosing

a light source with a center wavelength near 1.0 µm [14, 15]. Nd3+ is an ideal candidate for

this purpose, because it displays strong emission bands at ～1064 nm. However, similar

to the situation in other rare-earth ions, optical absorption of Nd3+ is too weak due to

the forbidden nature of the intra-4f transitions. To overcome this deficiency, sensitization

of Nd3+ emission by a sensitizer is an attractive way to obtain efficient emission. Very

recently, it was found that Bi-related active centers can be exploited as sensitizers of rare

earth ions such as Er3+ [16].

In this letter, we realize strong and long-lived Nd3+ emission in zeolites by means of

co-doping bismuth. The emission cover the range of 970 - 1450 nm, corresponding to the

electronic transitions of Nd3+ ions and Bi-related active centers, respectively. The NIR

emission of Nd3+ ions is significantly enhanced by the introduction of bismuth in co-doped

samples, and the lifetime reaches 246 µs. Steady state and time-resolved photolumines-

cence (PL), and PL excitation (PLE) measurements demonstrate the energy transfer from

Bi-related active centers to Nd3+.

5.2 Experimental details

Zeolites were stirred in x mM (x=0.5, 3, 6) aqueous solution of Nd3+ prepared from

Nd(NO3)3.6H2O at 80 oC for 96 h to exchange NH4 ions with Nd3+ ions. The products

were removed by centrifugation, then washed with deionized water, and dried in air at

120 oC. The Nd embedded zeolites were further stirred in a 60 mM aqueous solution of

Bi3+ prepared from Bi(NO3)3.5H2O at 80 oC for 120 h to dope Bi. The products were

removed by centrifugation, then washed with deionized water, and dried in air at 120 oC.

The Nd-Bi codoped zeolites were calcined at 920 oC for 1 h in N2 atmospheric condition.

For comparison, we also prepared Nd(3mM) and Bi(60mM) singly doped zeolites. All

samples were exposed to the laboratory atmosphere prior to measurements.

The structural properties of prepared products were characterized by an X-ray diffrac-

tometer (Rigaku-TTR/S2, λ=1.54056 Å) and a field emission scanning electron mi-

croscopy (FE-SEM). Neodymium and bismuth concentrations were determined by energy-

dispersive X-ray spectroscopy (EDS). The atomic concentrations of Nd and Bi in the final
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products were shown in table 5.1. PL and PLE spectra were measured by using an Ar+

laser and an optical parametric oscillator (OPO) pumped by the third harmonic of a

Nd:YAG laser. The signal was analyzed by a single grating monochromator and detected

by a liquid-nitrogen-cooled InGaAs detector. Time-resolved luminescence measurements

were performed by detecting the modulated luminescence signal with a photomultiplier

tube, and then analyzing the signal with a photon-counting multichannel scaler. The

excitation source for the lifetime measurements was 530 nm light from the OPO (pulse

width 5 ns, repetition frequency 20Hz). All the measurements were carried out at room

temperature.

Table 5.1: Atomic ratios (at. % ) of Nd and Bi to (Yb+Bi+Si+Al+O) in the final products

Sample Nd (at. % ) Bi (at. % )

Nd(3mM) 0.21 -

Nd(0.5mM)-Bi(60mM) 0.04 1.28

Nd(3mM)-Bi(60mM) 0.17 1.37

Nd(6mM)-Bi(60mM) 0.28 1.34

Bi(60mM) - 1.30

5.3 Results and discussion

Figure 5.1 shows the XRD patterns of undoped-zeolites, Nd, Bi, singly and co-doped

[Nd(3mM)-Bi(60mM)] zeolites. The diffraction patterns of doped samples are identical

to that of undoped-zeolites, which means that the zeolites structure is well maintained

after doping and thermal treatment. The FE-SEM images of corresponding samples are

shown in figure 5.2 (a)-(c). The morphology and monodispersity of these samples remain

almost unchanged.

The PL spectra of Nd, Bi singly and co-doped samples excited at 514.5 nm are shown in

figure 5.3. The measurements are performed under the same testing condition. In the Nd

singly doped sample, two emission bands centred at 1064 and 1332 nm are observed, which

are attributed to the typical 4F3/2 → 4I11/2 + 4I13/2 transitions of the Nd3+ ions. For the

Bi singly doped sample, a broad near-infrared emission centred at 1145 nm is observed,

which could be ascribed to Bi-related active centers. The broadband emission covers the

range of 970 - 1450 nm, and the full-width at half maximum is about 162 nm. In the

co-doped samples, strong emissions from Nd3+ and Bi-related active centers are observed

simultaneously. It can be seen that the Nd3+ emission in the co-doped samples are much

stronger than that of the singly doped sample, more than two orders of magnitude. It

is interesting to note that, in the series of co-doped samples, with the increase of Nd
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Figure 5.1: X-ray diffraction patterns of undoped-zeolites, Nd(3mM) singly doped,

Bi(60mM) singly doped, and Nd(3mM)-Bi(60mM) co-doped zeolites.

concentration, the emission intensity of Bi-related active centers monotonically decreases

compared with that in Bi singly doped sample, while the Nd3+ emission intensity increases.

This suggests that the energy transfer from Bi-related active centers to Nd3+ results in

the gradual decrease of emission from Bi-related active centers.

To clarify the energy transfer process between Nd3+ and Bi-related active centers, PLE

spectra are measured. The PLE spectra of Nd(3mM) and Nd(3mM)-Bi(60mM) samples

Figure 5.2: FE-SEM images of (a) Nd(3mM), (b) Bi(60mM) and (c) Nd(3mM)-

Bi(60mM) samples.
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Figure 5.3: PL spectra of Nd, Bi singly and codoped zeolites excited at 514.5 nm. The PL

spectrum of Nd singly doped sample is multiplied by a factor of 100.

detected at 1064 nm, and Bi(60mM) sample detected at 1145 nm are shown in figure 5.4.

The PLE spectrum of Nd singly doped sample displays two discrete excitation bands at

476 and 530 nm , corresponding to the 4I9/2 to
4K15/2 +

2D3/2 +
2G9/2 +

4G11/2 and
2K13/2

+ 4G7/2 +
4G9/2 transitions, respectively [17]. It is noteworthy that no Nd3+ emission can

be detected under other excitation wavelengths. In contrast, the co-doped sample shows

a continuous excitation spectrum, which means that Nd3+ ions in the co-doped sample

are not only excited by direct absorption, but also excited by an indirect process. The

indirect excitation of Nd3+ ions in the co-doped sample indicates that an energy transfer

process occurs in zeolites. It should be mentioned that FAU-type zeolite is transparent in

the visible region, so it could not be the energy donor for Nd3+. On the other hand, the

Bi singly doped sample exhibits a broad excitation band centred at ～500 nm (in figure

5.4), which coincides with those reported for Bi-doped glasses [18]. Therefore, Bi-related

active centers are most likely to act as a sensitizer of Nd3+.

Figure 5.5 (a) shows PL decay curves detected at 1064 nm. In the Nd singly doped

sample, the lifetime is much shorter than the transition intrinsic lifetime of Nd3+ (less than

1 µs). This is due to nonradiative relaxation of Nd3+ by strong coupling of the excitation

to high-frequency vibrations of coordinated water. The decay curves of co-doped samples
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Figure 5.4: PL excitation spectra of Nd(3mM) and Nd(3mM)-Bi(60mM) samples detected

at 1064 nm, and Bi(60mM) sample detected at 1145 nm. The PLE spectrum of Nd singly

doped sample is multiplied by a factor of 300.

show a fast drop at the beginning, followed by a single-exponential slow component.

With increasing Nd concentration, the slow component becomes more dominant. It is

noteworthy that the Nd3+ emission at 1064 nm overlaps with the broadband emission of

Bi-related active centers, such that there are two components with different lifetimes in

all curves. The occurrence of the fast drop in the decay curves is the result of relaxation of

Bi-related active centers excited state. The slow component is due to Nd3+ and the longest

lifetime reaches 246 µs. The long lifetime of Nd3+ in co-doped samples suggests that Nd3+

is well separated from coordinated water in zeolites. One possible explanation of this is

that bismuth forms bismuth oxide agglomerates to seal the pores of zeolites [19], and

then water molecules have little chance to interact with Nd3+ ions. Another possibility is

that Nd3+ ions are imbedded within bismuth oxide agglomerates in the pores of zeolites.

Further work is necessary to fully prove these models. The lifetime of the Nd3+ becomes

shorter in the highest Nd concentration sample, which could be ascribed to the energy

migration between neighboring Nd3+ ions.

Figure 5.5 (b) shows the decay curves detected at 1145 nm. The decay curve of Bi singly

doped sample can be well fitted by a single-exponential function, and the lifetime reaches
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Figure 5.5: PL decay curves of all samples detected at (a) 1064 and (b) 1145 nm.
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as long as 664 µs. The curves of co-doped samples can be fitted by double-exponential

decay, and the mean lifetime (τm) was calculated by

τm =

∫ ∞

t0

[I(t)/I0]d(t), (5.1)

Where I(t) is the luminescence intensity as a function of time t and I0 is the maximum of

I(t) that occurs at the initial time t0. The lifetimes of Bi-related active centers decrease

rapidly with the increase of Nd3+ concentrations, which is also a strong evidence of energy

transfer from Bi-related active centers to Nd3+. Similar behavior is commonly observed

for nonradiative energy transfer processes. The energy transfer efficiency (η) can be

estimated by

η = 1− τNd−Bi

τBi

, (5.2)

Where τNd−Bi and τBi are the lifetimes of Bi-related active centers in co-doped and singly

doped samples, respectively. The is calculated to be 32 % [Nd(0.5mM)-Bi(60mM)], 49 %

[Nd(3mM)-Bi(60mM)], and 62 % [Nd(6mM)-Bi(60mM)], respectively.

It is well known that energy transfer process strongly depends on the spectral overlap

between the emission band of the sensitizer and the absorption band of the acceptor. The

emission band of Bi-related active centers covers the 970 - 1450 nm range, matching well

with the excitation bands of Nd3+, especially the 4I11/2 → 4F3/2 (1064 nm) and 4I13/2 →
4F3/2 (1332 nm) transitions. Thus, an efficient energy transfer process can be obtained in

Nd-Bi co-doped zeolites.

5.4 Conclusion

In summary, Nd-Bi co-doped zeolites were prepared by an ion-exchange process, and

the optical properties were investigated. The NIR emission of Nd3+ ions is significantly

enhanced by the introduction of bismuth in co-doped samples, and the lifetime reaches

246 µs. The energy transfer from Bi-related active centers to Nd3+ was demonstrated

by steady state and time-resolved PL, and PLE measurements. The energy transfer

efficiency is also estimated. The results show that these nanosized materials have potential

applications in biological probes.
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Chapter 6

Bismuth sensitized efficient

near-infrared luminescence from

ytterbium in zeolites

In this chapter, Yb-Bi co-doped zeolites were prepared by a method con-

sisting of a simple ion-exchange process and subsequent high-temperature

annealing. We observe two strong near-infrared (NIR) emission bands

overlapping in the range of 930 - 1480 nm, corresponding to the elec-

tronic transitions of bismuth-related active centres (BiRAC) and Yb3+

ions, respectively. In the obtained products, the excitation wavelength of

Yb3+ is extended to the range of 420 - 850 nm, and the lifetime reaches

665 µs. In the zeolite matrix, Bi ions exist as BiRAC and Bi compounds

agglomerates. The former one act as a sensitizer of Yb3+ ions, and the

latter one act as a blockage to seal the pores of zeolites, which enable

Yb3+ ions to show efficient NIR emission even the zeolites contain large

amount of coordinated water. The excellent optical and structural prop-

erties make these NIR emitting nanoparticles promising in application

as biological probes.

6.1 Introduction

Nowadays, near-infrared (NIR) luminescence of rare-earth ions plays an important role

in laser, optical telecommunication, and many other applications [1]. Er3+, Nd3+, and

Yb3+ are the most investigated NIR emitting rare-earth ions. Among them, Yb3+ shows

some unique optical properties, since Yb3+ has a very simple electronic level scheme

involving only two manifolds, which makes it free from some undesired effects such as
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excited state absorption, up-conversion, and cross relaxation [2]. As is known, human

tissue is relatively transparent at around 0.8 - 1 µm [3]. Rare-earth ions, which are

luminescent in this window, such as Yb3+ at 980 nm, are ideal candidates for in vivo

biological probes, since they display sharp emission bands that can be easily discriminated

from background fluorescence, and exhibit long luminescent lifetimes, which increase assay

sensitivity through time-resolved measurements [4-6]. However, the single and narrow

absorption band of Yb3+ means that the direct excitation is not ideal. It is far more

common and convenient to stimulate the Yb3+ luminescence by exploiting energy transfer

from a suitable sensitizer. Petit et al [7] reported continuous-wave room temperature

and tunable laser operation of a co-doped Nd3+, Yb3+: CaF2 bulk crystal around 1 µm

after pumping Nd3+ around 800 nm. Shavaleev et al [8] reported that, the complexes

[Yb(ligand)2(µ-ligand)2Na] display efficient Yb3+ emission upon excitation maximum at

450 nm, which results from a ligand-to-ytterbium energy transfer. Recently, it was found

that“bismuth-related active centres (BiRAC)”can be exploited as sensitizers of rare earth

ions such as Er3+ [9]. Therefore, we also expect that there may be effective sensitization

of Yb3+ ions by an energy transfer process from BiRAC due to the excellent energy level

overlap of Yb3+ and BiRAC.

Zeolites play indispensable roles in many technological and economical applications,

such as catalysis, ion exchange, and separations. Recently, zeolites acting as host mate-

rials of optically active guests have attracted much attention for constructing functional

materials designed at nanosized levels, because of their low vibrational framework, ion

exchange capacity, well defined cavities and transparency in the UV-visible-NIR region

[9-19]. Furthermore, our recent work reveals that the optically functionalized zeolites can

be used as a new type of nanosized NIR photoluminescence (PL) biological probe, which

show high efficiency and high photostability [20]. At present, optical properties of NIR

emitting rare-earth ions, such as Er3+ and Nd3+ ions, have been intensely investigated in

zeolites [9,15-18]. However, to the best of our knowledge, there has been no report on

Yb3+ doped zeolites until now.

In this work, we prepare Yb and Bi singly and co-doped zeolites by an ion-exchange

process and subsequent high temperature annealing. Steady state and time-resolved emis-

sion spectra, and excitation spectra are measured, and the energy transfer from BiRAC

to Yb3+ ions is confirmed. The energy transfer mechanism is discussed, and the intrinsic

quantum yield of the sensitized Yb3+ luminescence is estimated.

6.2 Experimental details

Zeolites were stirred in x mM (x=1, 10, 60) aqueous solution of Yb3+ prepared from

YbCl3.6H2O at 80 oC for 120 h to exchange NH4 ions with Yb3+ ions. The products
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were removed by centrifugation, then washed with deionized water, and dried in air at

120 oC. The Yb embedded zeolites were further stirred in a 60 mM aqueous solution of

Bi3+ prepared from Bi(NO3)3.5H2O at 80 oC for 144 h to dope Bi. The products were

removed by centrifugation, then washed with deionized water, and dried in air at 120 oC.

The Yb-Bi co-doped zeolites were calcined at 900 oC for 1 h in N2 atmospheric condition.

Hereafter, the co-doped samples were denoted as Z-xYb-yBi, where x and y are ytterbium

and bismuth concentrations (mM) in the experimental solution. For comparison, we also

prepared Z-10Yb and Z-60Bi singly doped samples. All samples were exposed to the

laboratory atmosphere prior to measurements.

The structural properties of prepared products were characterized by an X-ray diffrac-

tometer (Rigaku-TTR/S2, λ=1.54056 Å) and a field emission scanning electron mi-

croscopy (FE-SEM). Ytterbium and bismuth concentrations were determined by induc-

tively coupled plasma atomic emission spectroscopy (ICP-AES) and energy-dispersive

X-ray spectroscopy (EDS), respectively. The atomic concentrations of Yb and Bi in

the final products were shown in table 6.1. PL measurements were carried out with

the excitation of 488 nm line from an Ar+ laser. The excitation sources for PL excita-

tion (PLE) measurements were 420 - 670 nm light from an optical parametric oscillator

(OPO) pumped by the third harmonic of a Nd:YAG laser, 690 nm light from a laser

diode, 720 - 850 nm light from a Ti:sapphire laser. The signal was analyzed by a sin-

gle grating monochromator and detected by a liquid-nitrogen-cooled InGaAs detector.

Time-resolved luminescence measurements were performed by detecting the modulated

luminescence signal with a photomultiplier tube (Hamamatsu, R5509-72), and then ana-

lyzing the signal with a photon-counting multichannel scaler. The excitation source for

the lifetime measurements was 488 nm light from the OPO (pulse width 5 ns, repetition

frequency 20Hz). All the measurements were carried out at room temperature.

6.3 Results and discussion

Figure 6.1 shows the XRD patterns of Z-10Yb, Z-60Bi, and Z-10Yb-60Bi samples.

The data of the diffraction peaks agree well with the standard values for the Zeolite Y

Table 6.1: The atomic concentrations of Yb and Bi in the final products

Sample Yb at. % Bi at. %

Z-10Yb 0.46 -

Z-1Yb-60Bi 0.03 1.28

Z-10Yb-60Bi 0.15 1.32

Z-60Yb-60Bi 0.45 1.30

Z-60Bi - 1.30
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Figure 6.1: X-ray diffraction patterns of Z-10Yb, Z-60Bi, and Z-10Yb-60Bi samples.

(JCPDS No. 45-0112), indicating that the obtained samples are single phase and the

co-doped ytterbium and bismuth do not cause any significant change. The FE-SEM

images of corresponding samples are shown in figure 6.2 (a)-(c). The morphology and

monodispersity of these samples remain almost unchanged.

The PL spectra of Yb, Bi singly and co-doped samples excited at 488 nm are shown in

figure 6.3. In the Bi singly doped sample, we observe a broad NIR emission centered at

1145 nm, which could be ascribed to BiRAC. The broadband emission covers the range of

930 - 1480 nm, and the full-width at half maximum is about 160 nm. For Yb singly doped

Figure 6.2: FE-SEM images of (a) Z-10Yb, (b) Z-60Bi, and (c) Z-10Yb-60Bi samples.
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Figure 6.3: PL spectra of Yb, Bi singly and co-doped zeolites, excited at 488 nm.

sample, no NIR emission is detectable, because there is no Yb3+ level enabling the direct

excitation of ytterbium emission with 488 nm light. Interestingly, in co-doped samples,

we observe remarkably strong Yb3+-related emissions at 980 and 1022 nm, corresponding

to the transitions from the lowest Stark level of the Yb3+: 2F7/2 multiplet to two different

Stark levels of the 2F5/2 multiplet. Furthermore, in addition to the emission band from

Yb3+, co-doped samples show broad PL from BiRAC. It is obvious that in the series

of co-doped samples, with the increase of Yb concentration, the emission intensity of

Yb3+ monotonically increases, while the BiRAC emission intensity decreases. It can be

considered that the energy transfer from BiRAC to Yb3+ results in the strong Yb3+

emission and the decrease of BiRAC emission under the excitation of 488 nm.

In order to further investigate the energy transfer between BiRAC and Yb3+, PLE

spectra are measured. The measurements are performed under the same testing condition.

The PLE spectra of Z-10Yb and Z-10Yb-60Bi samples detected at 980 nm, and Z-60Bi

sample detected at 1145 nm are shown in figure 6.4. In the Yb singly doped sample, Yb3+

has no excitation band in the range of 420 - 850 nm. The excitation spectrum of BiRAC

is characterized by the presence of three broad bands centered at 520 nm, 690 nm, and

820 nm. It was reported that bismuth-doped silica glasses have the absorption bands at

500 nm, 700 nm and 800 nm [21], which almost consists with the excitation spectrum of
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Figure 6.4: PL excitation spectra of Z-10Yb and Z-10Yb-60Bi samples detected at 980

nm, and Z-60Bi sample detected at 1145 nm.

Bi doped zeolites used for our experiment. The PLE spectrum of the co-doped sample

detected at 980 nm exhibits a similar excitation spectrum with BiRAC. The two similar

excitation spectra prove that Yb3+ in codoped samples is indirectly excited by an energy

transfer process from BiRAC.

For energy transfer process, it requires an overlap of the emission region of the sensitizer

and the absorption region of the acceptor. Figure 6.5 shows the possible energy transfer

process between Yb3+ ions and BiRAC. As can be seen, there is an excellent overlap

between the emission band of BiRAC assigned to the ES1 → GS transition and the

absorption band of Yb3+ due to the 2F7/2 → 2F5/2 transition. BiRAC can be excited by

photons in the range of 420 - 850 nm to reach upper excited state (such as ES2, ES3,

and ES4) and then relax nonradiatively to ES1. The energy transfer occurs from the ES1

excited state of BiRAC to the 2F5/2 excited state of Yb3+, which stimulates the occurrence

of the strong NIR emission of Yb3+. The results of measurements reveal that Yb3+ in

the co-doped system can be efficiently excited within the broad visible-NIR region, so

optical pumping using flash lamp or white LED rather than laser becomes feasible using

this broadband sensitization.

Figure 6.6 (a) shows the decay curves detected at 980 nm. All of them show a fast drop
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Figure 6.5: Energy level diagram of Yb-Bi codoped zeolites which exhibits BiRAC→Yb3+

energy transfer. ES, excited state; GS, ground state.

at the beginning, followed by a single-exponential slow component. With increasing Yb

concentration, the slow component becomes more dominant. It is noteworthy that the

Yb3+ emission at 980 nm overlaps with the edge of the broadband emission of BiRAC,

such that there are two components with different lifetimes in all curves. The occurrence

of the fast drop in the decay curves is the result of relaxation of BiRAC excited state.

The slow component is due to Yb3+ and the longest lifetime reaches up to 665 µs. The

lifetime of the Yb3+ becomes shorter in the highest Yb concentration. This is probably

due to the energy migration between neighboring Yb3+ ions.

The intrinsic quantum yield (Φ) of the sensitized Yb3+ luminescence can be estimated

using the following relationship between the experimentally determined lifetime of Yb3+

(τexp) and its radiative lifetime (τrad):

Φ =
τexp
τrad

, (6.1)

Using a typical value of 1.2 ms for Yb3+, we estimate the intrinsic quantum yield to

be 55.4 %. Due to the particular morphology, this type of zeolite always contain large

amount of coordinated water. In general, high efficient NIR emission in zeolites is difficult

to achieve, because of the existence of coordinated water in cages, causing fast relaxation

of its excitation energy through nonradiative vibrational deactivation.

Based on our model [18,19], we think that Yb3+ and Bi ions migrate into the pores of

zeolites by ion-exchange process, and after subsequent high temperature annealing, parts
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Figure 6.6: (a) PL decay curves of co-doped samples detected at 980 nm. (b) PL decay

curves of co-doped samples and Bi singly doped sample detected at 1145 nm.
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of Bi ions are converted to BiRAC, and the other parts form Bi compounds agglomerates,

due to the low melting point of bismuth compounds. The agglomerates act as a blockage to

seal the pores of zeolites, which can avoid the admission of coordinated water into the pores

of zeolites. Therefore, Yb3+ ions can be held in captivity totally in the pores, and then

have chance to show strong and long-lived NIR emission, even the zeolites contain large

amount of water. Due to the mature fabrication technology, the size and morphology of

zeolites can be well controlled. Based on the excellent blocking property of Bi compounds

agglomerates, broadband sensitization of BiRAC, and efficient NIR emission of Yb3+ ions,

it is expected that these NIR emitting nanoparticles can show strong NIR emission even

when dispersed in blood as biological probes.

Figure 6.6 (b) shows the decay curves detected at 1145 nm, i.e., emission from BiRAC.

The decay curve of Bi singly doped sample can be well fitted by a single-exponential

function, and the lifetime reaches as long as 712 µs. The curves of co-doped samples can

be fitted by double-exponential decay, and the mean lifetime (τm) was calculated by

τm =

∫ ∞

t0

[I(t)/I0]d(t), (6.2)

Where I(t) is the luminescence intensity as a function of time t and I0 is the maximum of

I(t) that occurs at the initial time t0. The lifetimes of BiRAC decrease rapidly with the

increase of Yb3+ concentrations, which is also a strong evidence of energy transfer from

BiRAC to Yb3+. Similar behavior is commonly observed for nonradiative energy transfer

processes. The energy transfer efficiency (η) can be estimated by

η = 1− τY b−Bi

τBi

, (6.3)

Where τY b−Bi and τBi are the lifetimes of BiRAC in co-doped and singly doped samples,

respectively. η is calculated to be 32 % (Z-1Yb-60Bi), 66 % (Z-10Yb-60Bi), and 77 %

(Z-60Yb-60Bi).

6.4 Conclusion

Yb-Bi co-doped zeolites were prepared by an ion-exchange method and their optical

properties were investigated. We observed two strong emission bands overlapping in

the range of 930 - 1480 nm under the visible-NIR light excitation, corresponding to the

electronic transitions of BiRAC and Yb3+ ions, respectively. The energy transfer between

BiRAC and Yb3+ has been demonstrated from steady state and time-resolved emission

spectra, and excitation spectra. The excitation wavelength of Yb3+ is extended to the

range of 420 - 850 nm, and the lifetime reaches 665 µs. The energy transfer mechanism

is discussed and the energy transfer efficiency is estimated. The excellent optical and
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structural properties make these NIR emitting nanoparticles promising in application as

biological probes.

The results obtained in this work are similar to those of our previous work on Er-Bi co-

doped zeolites [9]. In that case, Er3+ exhibits long-lived NIR PL (1.54 µm) due probably

to the isolation from coordinated water by Bi compounds and the sensitization by BiRAC.

The observation of similar behaviour between Er-Bi and Yb-Bi co-doped zeolites strongly

suggest that the present system can be extended to different kinds of rare-earth ions and

can be used in a variety of fields that require visible to NIR light sources.
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Chapter 7

Enhanced red luminescence and

energy transfer in Eu-Bi co-doped

zeolites for white LEDs

In this chapter, we investigate the optical properties of Eu doped zeo-

lites by co-doping Bi. The addition of Bi3+ strongly enhances the red

luminescence of Eu3+ (5D0 → 7F2) in zeolites about 50 times, and the

lifetime is significantly increased from 25.8 µs to 2.46 ms. The results

reveal that the O2− → Eu3+ charge transfer band and sensitization of

Bi3+ ions distinctly enhances the excitation band of Eu3+ ions in the

ultraviolet region. The energy transfer efficiency is estimated to be 78

%. It is expected that the present Eu-Bi co-doped zeolites have potential

application in white-LEDs.

7.1 Introduction

In recent years, there is a great interest in generation of white light sources for a variety

of applications, such as lighting and displays and so on [1,2]. One of the effective ways

for generating white light is mixing three monochromatic sources (blue, green, and red)

[3]. Rare-earth ions are the suitable candidates for this purpose owing to their abundant

energy levels enable them to emit narrow intra-4f transitions over the entire ultraviolet

(UV) to infrared spectral range [3,4]. Among them, the optical properties of Eu3+ ions

doped into various host materials have been extensively studied since the Eu3+ ion is a

preferable choice for red emitting phosphors in white light emitting diodes (LEDs) [4].

However, the optical absorption of the Eu3+ ion is too week due to the forbidden nature
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of intra-4f transitions [5]. Sensitization by an energy transfer process is an attractive way

to obtain efficient red emission from Eu3+ ions.

Zeolites are very promising host materials of optically active centers for constructing

novel materials, because their wall consists of Si-O-Al and Si-O-Si framework with low

vibration quanta and their pores can be used for separately locating the cations [6].

In addition, zeolites are thermally stable at relatively high temperatures and optically

transparent in the region from UV to near infrared, which is very promising for optical

applications [7,8]. In the past decade, considerable works have been devoted on the

luminescent properties of Eu doped zeolites [9-14]. However, the low quantum yield is a

serious problem for practical applications, because of the fast relaxation of its excitation

energy via high-frequency vibration of O-H bond [9-11]. Borgmann et al.[9] demonstrated

that efficient red emission can be realized by collapsing the open zeolitic material in

to more dense alumosilicates, which is attributed to the reduction of OH species in the

materials. Chen et al.[10] reported that the luminescence from Eu3+ in zeolites is enhanced

greatly when the sample is treated at 800 oC, due to loss of water and the migration of

the ions from the supercages to the sodalite cages. Though these methods can enhance

the emission of Eu doped zeolites to some extent, the quantum yields are still very low

comparing with other host materials, such as glasses and crystals.

Here, we report that co-doping Bi into Eu doped zeolites is a facile access to efficient

red emitting microporous materials. We observe enhanced red luminescence in Eu-Bi

co-doped zeolites, and the lifetime reaches as long as 2.46 ms. The introduction of Bi3+

ions distinctly enhances the excitation band of Eu3+ ions in the UV region.

7.2 Experimental details

Zeolites were stirred in 5 mM aqueous solution of Eu3+ prepared from EuCl3.6H2O at

80 oC for 24 h to exchange NH4 ions with Eu3+ ions. The products were removed by

centrifugation, then washed with deionized water, and dried in air at 120 oC. The Eu

embedded zeolites were further stirred in a 60 mM aqueous solution of Bi3+ prepared

from Bi(NO3)3.5H2O at 80 oC for 24 h to dope Bi. The products were removed by

centrifugation, then washed with deionized water, and dried in air at 120 oC. The Eu-Bi

co-doped zeolites were calcined at 900 oC for 1 h in air. For comparison, we also prepared

Eu(5 mM) and Bi(60 mM) singly doped samples. Hereafter, the Eu, Bi singly and co-

doped samples were denoted as Z-Eu, Z-Bi, and Z-Eu-Bi. All samples were exposed to

the laboratory atmosphere prior to measurements.

The structural properties of prepared products were characterized by an X-ray diffrac-

tometer (Rigaku-TTR/S2, λ=1.54056 Å) and a field emission scanning electron mi-

croscopy (FE-SEM). Eu and Bi concentrations were determined by energy-dispersive X-
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Figure 7.1: FE-SEM images of (a) Z-Eu, (b) Z-Bi, and (c) Z-Eu-Bi samples. Scale bars:

2 µm.

ray spectroscopy (EDS). Photoluminescence (PL) measurements were carried out with the

excitation of 325 nm light from a He-Cd laser. The signal was analyzed by a single grating

monochromator and detected by a liquid-nitrogen-cooled CCD detector. PL excitation

spectrum was obtained by a PL spectrophotometer (JASCO FP6500) equipped with a

CCD detector. Time-resolved luminescence measurements were performed by detecting

the modulated luminescence signal with a photomultiplier tube (Hamamatsu, R943-02),

and then analyzing the signal with a photon-counting multichannel scaler. The excitation

source for decay time measurements was 355 nm light from a Nd:YAG laser (pulse width

5 ns, repetition frequency 20Hz).

7.3 Results and discussion

The X-ray diffraction patterns of all samples reveal that the obtained samples are single

phase and the doping Eu and/or Bi do not cause any significant change (not shown here).

Figure 7.1 (a)-(c) show the FE-SEM images of Z-Eu, Z-Bi, and Z-Eu-Bi samples. The

morphology and monodispersity of these samples remain almost unchanged. The atomic

concentrations of Eu and Bi in the final products are shown in table 7.1. It can be seen

that Eu and Bi concentrations are well controlled by the experimental procedure.

Table 7.1: The atomic concentrations of Eu and Bi in the final products.

Sample Eu at. % Bi at. %

Z-Eu 0.16 -

Z-Bi - 1.26

Z-Eu-Bi 0.14 1.23
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Figure 7.2 shows the PL spectra of Eu, Bi singly and co-doped zeolites excited at 325 nm.

In Bi singly doped sample, a broad emission band centered at 560 nm is detected. Similar

emission band is commonly observed in Bi doped materials, which corresponds to the 3P1

→ 1S0 transition of Bi3+ [15]. It is also reported that high temperature annealing process

in air may introduce several types of defects in zeolites, such as oxygen vacancies, which

shows broad emission in visible region [16]. Therefore, both Bi3+ and oxygen vacancies

are the potential origins of the broad emission. For Eu singly doped sample, a strong

emission peak at 621 nm and several week peaks at 580 nm, 592 nm, 654 nm, and 703 nm

are observed, which arise from the 5D0 → 7FJ (J = 1-4) transitions of Eu3+. Interestingly,

in the co-doped sample, the PL intensities from Eu3+ are significantly enhanced about 50

times, and at the same time, the Eu3+ emission peaks are superimposed on a broad and

week emission band. It is also observed that the addition of Bi3+ results in the change of

the shape of Eu3+ luminescence; the strongest luminescence peak shifts from 621 nm to

613 nm, the relative PL intensity at 580 nm is enhanced, and a new additional peak at

598 nm appears.

The PL excitation spectra of Z-Eu and Z-Eu-Bi samples detected at 613 nm are pre-

sented in figure 7.3. The spectra are normalized at 394 nm. In the Z-Eu sample, several

Figure 7.2: PL spectra of Eu, Bi singly and co-doped zeolites, excited at 325 nm. The PL

spectra of Z-Eu and Z-Bi samples are multiplied by factors of 10 and 2, respectively.
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Figure 7.3: PL excitation spectra of Z-Eu and Z-Eu-Bi samples detected at 613 nm. The

spectra are normalized at 394 nm.

sharp peaks in the range of 310 - 420 nm are observed, which are related to the intra-4f

transitions of Eu3+ ions. It should be noted that the spectrum is continuously increased in

the shorter wavelength region, which probably caused by the O2− → Eu3+ charge transfer

band [4,5]. The spectral shape of the co-doped sample is very similar to that of the Eu

singly sample in the longer wavelength region above 370 nm. However, we can see that the

excitation is greatly enhanced below 370 nm region by the addition of Bi3+ ions. It is well

known that Bi3+ ions have strong absorption in the near UV region [15]. Therefore, it is

reasonable to consider that the enhanced excitation in the UV region is due to the energy

transfer from Bi3+ ions. Based on the measurements results, Eu3+ ions in the co-doped

sample can be efficiently excited by broad ultraviolet light, due to the O2− → Eu3+ charge

transfer band and the sensitization of Bi3+ ions. Therefore, optical pumping using flash

lamps or LEDs rather than laser becomes feasible using this broadband sensitization.

The decay curves detected at 560 nm in the Z-Bi and Z-Eu-Bi samples are shown in

figure 4 (a). We observe nearly single exponential luminescence decays in both samples,

and the addition of Eu results in the rapid decreases of the lifetime from 7.36 µs to 1.65 µs.

Such kind of phenomenon is commonly observed for nonradiative energy transfer process

[17]. Therefore, the shortening of the lifetime is a strong evidence of the energy transfer
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Figure 7.4: (a) PL decay curves of Z-Bi and Z-Eu-Bi samples detected at 560 nm. (b)

PL decay curves of Z-Eu and Z-Eu-Bi samples detected at 613 nm.
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Figure 7.5: Schematic illustrations of the energy transfer process from Bi3+ to Eu3+ and

the blocking property of Bi2O3 clusters.

from the broad emission to Eu3+. The energy transfer efficiency (η) can be estimated by

η = 1− τEu−Bi

τBi

, (7.1)

Where τEu−Bi and τBi are the lifetimes of broad emission in co-doped and singly doped

samples, respectively. The calculated η is about 78 %. It is well known that energy

transfer efficiency is proportional to the spectral overlap between sensitizer and accepter.

In this case, the broad emission and the Eu3+ absorption are overlapped well, thus high

energy transfer efficiency (78 %) can be expected in this system.

Figure 7.4 (b) shows the decay curves detected at 613 nm originating from the 5D0

→ 7F2 transition of Eu3+ in the Z-Eu and Z-Eu-Bi samples. In the Eu singly doped

sample, the lifetime is 25.8 µs, which is much shorter than the transition intrinsic lifetime

of Eu3+. This is due to nonradiative relaxation of Eu3+: 5D0 state by strong coupling

of the excitation to high-frequency vibrations of coordinated water [10]. In contrast, the

lifetime is significantly increased to about 2.46 ms in the co-doped zeolites, which is the

longest value reported in zeolites. The long lifetime of Eu3+ in co-doped samples suggests

that Eu3+ is well separated from the coordinated water by co-doping Bi in zeolites.

In Bi and rare-earth co-doped zeolites, Sun et al. [18,19] proposed a model that rare-

earth ions and Bi3+ ions migrate into the pores of zeolites by the ion-exchange process,
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and after subsequent high temperature annealing in air, Bi3+ ions form Bi2O3 clusters,

due to the low melting point of bismuth compounds. In this work, the advantages of

co-doping Bi in Eu doped zeoltes can be summarized into two aspects, as shown in figure

7.5. On one hand, addition of Bi3+ ions into the pores can provide an indirect excitation

for Eu3+ ions through an energy transfer process. It is an effective method to overcome

the small absorption cross section of Eu3+ ions due to the forbidden nature of intra-4f

transitions. On the other hand, the formation of Bi2O3 clusters can act as an excellent

blockage material to seal the pores of zeolites, which avoids the admission of coordinated

water into the pores of zeolites. Therefore, Eu3+ ions have chance to show strong and

long-lived red emission, even the zeolites contain large amount of water.

7.4 Conclusion

In summary, Eu-Bi co-doped zeolites are prepared by an ion-exchange process, and the

optical properties are investigated. Addition of Bi3+ strongly enhances the red emission

of Eu3+ (5D0 → 7F2) in zeolites about 50 times, and the lifetime is significantly increased

to 2.46 ms. It is revealed that the O2− → Eu3+charge transfer band and sensitization

of Bi3+ ions distinctly enhances the excitation band of Eu3+ ions in the UV region. The

energy transfer efficiency is estimated to be 78 %. The excellent optical properties make

these microporous materials promising in application as white-LEDs.
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Chapter 8

Efficient ultraviolet-blue to

near-infrared downconversion in

Bi-Dy-Yb doped zeolites

In this chapter, ultraviolet-blue to near-infrared (NIR) downconversion

is investigated for the Dy3+ - Yb3+ couple in zeolites by steady-state

and time-resolved photoluminescence (PL) spectra, and PL excitation

spectra. Upon excitation of the 4F9/2 level of Dy
3+, NIR quantum cutting

could occur through a two-step energy transfer from one Dy3+ ion to two

neighboring Yb3+ ions via an intermediate level. The energy transfer

efficiency from the 4F9/2 level is estimated to be 42 %, and the intrinsic

PL quantum efficiency of Yb3+ emission reaches 54 %. The findings

may have potential application in enhancing the energy efficiency of the

silicon-based solar cell.

8.1 Introduction

Nowadays, considerable research has been focused on improving solar cell efficiency

by better exploitation of the solar spectrum by a photon conversion process [1,2]. It is

well known that quantum cutting is an effective method to minimize the energy loss by

thermalization of electron-hole pairs, which can convert one photon of high energy into two

photons of lower energy [3,4]. The most widely used solar cells are based on crystalline Si,

in which the band gap is about 1100 nm [5]. Therefore, the conversion of one ultraviolet

(UV)-visible photon into two near-infrared (NIR) photons can greatly enhance the solar

cell efficiency [5-13]. Rare-earth ions with abundant energy levels, such as Pr3+ [9], Er3+

[10], Nd3+ [11], and Ho3+ [12], have been investigated as donor materials to absorb high
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energy photons and transfer the energy to accepters. On the other hand, Yb3+ ion is an

ideal candidate of the accepter, because of its simple energy state and strong emission at

around 1 µm, where the silicon-based solar cells show an excellent spectral response.

Recently, Meijerink et al [9] reported that a stepwise energy transfer process occurs

when the donor has a suitable intermediate state to assist the two-step sequential energy

transfer to the acceptors. They realized efficient quantum cutting of a single visible photon

into two NIR photons using the Pr3+ - Yb3+ couple [9]. As is known, solar spectrum also

covers the UV region, especially in the range of 300 - 400 nm. Therefore, to sufficiently

utilize solar energy in this region, it is favorable to use a donor with abundant energy

levels both in the UV and visible regions. Dy3+ - Yb3+ couple may meet the requirements.

Figure 8.1 illustrates the energy level diagram with transitions which may be involved in

Figure 8.1: Energy level scheme of the Dy3+ - Yb3+ couple showing possible mechanisms

for a NIR quantum cutting. One blue photon absorbed by Dy3+ is converted into two NIR

photons from Yb3+ ions through a two-step sequential energy transfer. Solid, dotted, and

curved arrows represent optical transition, energy transfer, and nonradiative relaxation,

respectively.
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the energy transfer process from Dy3+ to Yb3+. It is interesting to see that the energy

of the Dy3+: 4F9/2 → 6H15/2 transition is double of the Yb3+: 2F7/2 → 2F5/2 transition,

and moreover, the 6H5/2 level is located at around the intermediate level between 4F9/2

and 6H15/2. Therefore, a two-step energy transfer process can be expected for the Dy3+ -

Yb3+ couple, which is expressed as: Dy3+: 4F9/2 + Yb3+: 2F7/2 → Dy3+: 6H5/2 + Yb3+:
2F5/2 followed by Dy3+: 6H5/2 + Yb3+: 2F7/2 → Dy3+: 6H15/2 + Yb3+: 2F5/2.

To achieve high-efficiency quantum cutting, precise control of donor and acceptor distri-

butions is crucial because the energy transfer efficiency depends strongly on the ion-to-ion

distances. Zeolites are considered to be an attractive host material to realize it, because

the regularly organized pores can serve as an ideal environment to organize the optically

active guests well dispersed in their framework [14]. In addition, zeolites are thermally

stable at relatively high temperatures and optically transparent in the region from UV

to NIR [15]. These particular structural and optical properties make it very promising

as host materials of optically active centers for constructing novel materials designed at

nanosized levels [16-18]. Recently, efficient NIR photoluminescence (PL) from rare-earth

ions has been achieved in zeolites by co-doping Bi, due to the formation of Bi related ag-

glomerates, which act as a blockage to seal the optical active centers in the pores [19,20].

In this work, Bi-Dy and Bi-Dy-Yb doped zeolites are prepared and the downconversion

for the Dy3+ - Yb3+ couple is investigated by steady-state and time-resolved PL spectra,

and PL excitation spectra. We demonstrate that NIR quantum cutting could occur

through a two-step energy transfer from the long-lived 4F9/2 level of Dy3+ ion to two

neighboring Yb3+ ions in zeolites. The energy transfer mechanism is discussed, and the

intrinsic PL quantum efficiency of Yb3+ emission is estimated.

8.2 Experimental details

In this work, faujasite (FAU) type zeolites were used due to the sufficient ion-exchange

capacity and high temperature stability. Zeolites were stirred in the aqueous solutions of

Bi3+ (60 mM) and Dy3+ (5 mM) for two days. The half amount of Bi-Dy embedded zeolites

were further stirred in a 20 mM aqueous solution of Yb3+ prepared from YbCl3.6H2O at

80 oC for 24 h to dope Yb. The products were removed by centrifugation, then washed

with deionized water, and dried in air at 120 oC. The obtained powders were calcined

at 900 oC for 1 h in air. Hereafter, the Bi-Dy and Bi-Dy-Yb doped zeolites are denoted

as Z-Bi-Dy and Z-Bi-Dy-Yb, respectively. All samples were exposed to the laboratory

atmosphere prior to measurements.

The crystallinity of prepared products was studied by an X-ray diffractometer (Rigaku-

TTR/S2) with a CuKα radiation source. The atomic compositions were analyzed by

an energy-dispersive X-ray spectrometer (EDS). Visible and NIR PL spectra were mea-
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Figure 8.2: X-ray diffraction patterns of the Z-Bi-Dy and Z-Bi-Dy-Yb samples.

sured by using a monochromator equipped with liquid-nitrogen-cooled CCD and InGaAs

detectors, respectively. The excitation sources for PL measurements were 430 nm light

from an optical parametric oscillator (OPO) pumped by the third harmonic of a Nd:YAG

laser, and 805 nm light from a Ti: sapphire laser. Excitation spectra were obtained by

a NIR PL spectrophotometer equipped with an InGaAs detector. Time-resolved lumi-

nescence measurements were performed by detecting the modulated luminescence signal

with a photomultiplier tube (Hamamatsu, R5509-72), and then analyzing the signal with

a photon-counting multichannel scaler. The excitation source for decay time measure-

ments was 430 nm light from the OPO (pulse width 5 ns, repetition frequency 20Hz). All

measurements were performed at room temperature.

Table 8.1: Atomic concentrations of Bi, Dy and Yb in the final products

Sample Bi at. % Dy at. % Yb at. %

Z-Bi-Dy 1.45 0.19 -

Z-Bi-Dy-Yb 1.38 0.17 0.58
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8.3 Results and discussion

Figure 8.2 shows the XRD patterns of the Z-Bi-Dy and Z-Bi-Dy-Yb samples. The data

of the diffraction peaks agree well with the standard values for the Zeolite Y (JCPDS

No. 45-0112), indicating that the obtained samples are single phase and the doping and

annealing do not cause any significant change of the crystal structure. Table 8.1 presents

the atomic concentrations of Bi, Dy and Yb in the final products. It can be seen that the

Bi and Dy concentrations are kept almost the same within two samples, and the atomic

ratio of Yb/Dy in the Z-Bi-Dy-Yb sample is estimated to be about 3.4.

Figure 8.3 (a) and (b) show the PL spectra of the Z-Bi-Dy and Z-Bi-Dy-Yb samples

excited at 430 and 805 nm, respectively. Upon the excitation at 430 nm, in the Z-Bi-Dy

sample, characteristic emission peaks from Dy3+ ion are observed at 486, 575, 664, 754,

848, 940, 1018, and 1180 nm, which can be assigned to the electronic transitions of the
4F9/2 to the 6H15/2,

6H13/2,
6H11/2,

6H9/2 (6F11/2),
6H7/2 (6F9/2),

6H5/2,
6F7/2, and

6F5/2,

respectively. Interestingly, the emission from Dy3+ ion is significantly decreased for the

Z-Bi-Dy-Yb sample, and in addition, strong Yb3+ emissions at 978 and 1018 nm are

detected, corresponding to the transitions from the lowest Stark level of the Yb3+: 2F7/2

multiplet to the different Stark levels of the 2F5/2 multiplet [21]. It is well known that

there is no energy level enabling the direct excitation of Yb3+ emission with 430 nm light.

Therefore, it is reasonable to consider that the observation of strong Yb3+ emission and

the decrease of Dy3+ emission are due to the energy transfer from Dy3+ to Yb3+.

To get more information about the energy transfer between Dy3+ and Yb3+, PL exci-

tation spectra are measured. The excitation spectra of the Z-Bi-Dy sample detected at

1018 nm, and the Z-Bi-Dy-Yb sample detected at 978 nm are shown in figure 8.4. The

excitation spectrum of the Z-Bi-Dy sample is characterized by the presences of six peaks

centered at 348, 362, 384, 424, 448, and 468 nm, which are ascribed to the transitions of

Dy3+ ion from the 6H15/2 ground state to the 4I11/2,
6P5/2,

4I13/2 (4F7/2),
4G11/2,

4I15/2,

and 4F9/2, respectively. In the Z-Bi-Dy-Yb sample, the excitation spectrum of the Yb3+

emission at 978 nm is in good agreement with the Dy3+ absorption, which convincingly

proves the existence of the energy transfer. The results reveal that the UV-blue light can

be converted into NIR light by using the Dy3+ - Yb3+ couple.

In the following, we will discuss the energy transfer mechanism and demonstrate the

existence of the two-step energy transfer process. Figure 8.5 (a) shows the decay curves of

the Dy3+ emission at 575 nm (4F9/2 → 6H13/2) in the Z-Bi-Dy and Z-Bi-Dy-Yb samples,

respectively. The decay curve of the Z-Bi-Dy sample can be fitted by a single-exponential

function, and by the addition of Yb3+ ion, the lifetime becomes shorter and the shape

becomes non-exponential. The mean lifetimes (τm) are also shown in figure 5a, which are
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Figure 8.3: Emission spectra of the Z-Bi-Dy and Z-Bi-Dy-Yb samples excited by (a) 430

nm and (b) 805 nm.
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Figure 8.4: Excitation spectra of the Z-Bi-Dy sample detected at 1018 nm, and the Z-Bi-

Dy-Yb sample detected at 978 nm.

obtained by

τm =

∫ ∞

t0

[I(t)/I0]d(t), (8.1)

Where I(t) is the luminescence intensity as a function of time t and I0 is the maximum

of I(t) that occurs at the initial time t0. The shortening of the lifetime indicates that

the addition of Yb3+ introduces a new non-radiative relaxation process in the 4F9/2 level

of Dy3+. The lifetime results combined with the decrease of Dy3+ emission intensity by

Yb3+ doping in figure 3a prove the occurrence of the first step energy transfer process

in the Z-Bi-Dy-Yb sample, which can be expressed as: Dy3+: 4F9/2 + Yb3+: 2F7/2 →
Dy3+: 6H5/2 + Yb3+: 2F5/2. From the degree of the shortening of the lifetime, the energy

transfer efficiency (η) from the 4F9/2 level can be estimated:

η = 1− τBi−Dy−Y b

τBi−Dy

, (8.2)

Where τBi−Dy−Y b and τBi−Dy are the lifetimes of Dy3+ emission with and without Yb3+

ions, respectively. The η is calculated to be 42 % in the Z-Bi-Dy-Yb sample. Note that

the value is mean energy transfer efficiency in the present sample. The non-exponential

decay curve for the Z-Bi-Dy-Yb sample in figure 5a indicates that the energy transfer
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Figure 8.5: (a) Decay curves of the Dy3+ emission at 575 nm (4F9/2 → 6H13/2) in the Z-

Bi-Dy and Z-Bi-Dy-Yb samples, respectively. (b) Decay curve of the Yb3+ emission at 978

nm in the Z-Bi-Dy-Yb sample. The excitation wavelength for decay time measurements

is 430 nm.
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efficiency is distributed due probably to the existence of the Dy3+ - Yb3+ couples with

different geometries.

As can be seen in figure 8.1, the Dy3+ ion relaxed to the 6H5/2 level by the first step

energy transfer process still possesses enough energy to excite another Yb3+ ion because

of the resonance between the Dy3+(6H5/2 → 6H15/2) and Yb3+(2F7/2 → 2F5/2) transitions.

To clarify whether the second step energy transfer from Dy3+ to Yb3+ occurs, the PL

spectra are taken under the excitation at 805 nm. Note that Bi doped zeolites have no

absorption at this wavelength, so they could not be energy donors for Yb3+ [18]. As

shown in figure 3 (b), the Z-Bi-Dy sample shows NIR emission bands at 865, 962, and

1060 nm originating from the transitions from the 6F7/2,
6H5/2, and

6H7/2 (6F9/2) to the
6H15/2 ground state, respectively. In the Z-Bi-Dy-Yb sample, the emission from Dy3+

at 865 nm and the strong emission from Yb3+ at 978 and 1018 nm are detected. The

indirect excitation of Yb3+ ions is a clear evidence that Yb3+ ions can be excited by the

energy transfer from Dy3+ ions when they are in the levels around 6F7/2,
6H5/2, and

6H7/2

(6F9/2). Considering the degree of the spectral overlap with the 2F7/2 → 2F5/2 transition

of Yb3+ ion, Dy3+: 6H5/2 + Yb3+: 2F7/2 → Dy3+: 6H15/2 + Yb3+: 2F5/2 is the most

plausible energy transfer process. Therefore, the remaining energy of the Dy3+: 6H5/2

level can be further transferred to another Yb3+ ion by the second step energy transfer.

Although the present results demonstrate the existence of the two-step energy transfer

process to convert one UV-blue photon to two NIR photons, the efficiency of the second

step energy transfer process could not be estimated. For the practical application of

the present system, quantitative discussion of the efficiency and the optimization of the

sample parameters are necessary, and these researches are underway in our laboratory.

The decay curve of the Yb3+ emission at 978 nm in the Z-Bi-Dy-Yb sample is given

in figure 8.5 (b). The Yb3+ emission shows a single-exponential decay, and the lifetime

reaches 648 µs. The intrinsic PL quantum efficiency (Φ) of Yb3+ is estimated to be 54 %

by using the equation:

Φ =
τe
τr
, (8.3)

where τe and τr are the experimental and radiative (1.2 ms) lifetimes of Yb3+ emission,

respectively [22]. The highly efficient NIR emission from Yb3+ benefits from the effective

isolation of the optical active centers from the coordinated water by Bi related agglomer-

ates in zeolites [19,20].

8.4 Conclusion

In conclusion, Bi-Dy and Bi-Dy-Yb doped zeolites are prepared by an ion-exchange

process and subsequent high temperature annealing. Emission, excitation, and decay

measurements were performed to investigate the downconversion process from Dy3+ to
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Yb3+. We demonstrate the existence of a two-step energy transfer process from the

long-lived 4F9/2 level of Dy3+ to two neighboring Yb3+ ions in zeolites. The energy

transfer efficiency from the 4F9/2 level is determined to be 42 %, and the intrinsic PL

quantum efficiency of Yb3+ emission reaches 54 %. The high energy transfer efficiency

and the efficient Yb3+ emission suggest that the materials may have potential application

in enhancing the energy efficiency of the silicon-based solar cell.
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Chapter 9

Conclusion

In this thesis, we studied the effect of the doping concentration and annealing at-

mosphere on the optical properties of Bi doped zeolites. Moreover, we investigated the

structural and optical properties of rare-earth ions and bismuth co-doped zeolites, such

as Er-Bi, Nd-Bi, Yb-Bi, Eu-Bi, and Dy-Yb-Bi. The particular optical properties of these

nanoparticals have potential applications in optical telecommunication, optical coherence

tomography, biological imaging, and solar cell.

In chapter 2, the mechanism of efficient near-infrared (NIR) emission from Bi doped

zeolites was studied by analyzing photoluminescence (PL) and Raman scattering data for

the samples with different Bi concentrations. The NIR PL intensity increases significantly

with increases Bi concentration; it increases 178 times when the concentration is changed

from 0.3 to 1.5 at.%. The significant increase of the intensity is accompanied by the

lengthening of the lifetime. The observed Bi concentration dependence of the PL data

clearly indicates that doped Bi acts not only as optically active centers, but also as pore-

sealing substances to isolate the centers. Therefore, in this system, Bi concentration is a

very important parameter to have the maximum luminescence efficiency. The comparison

of PL and Raman data suggests that in addition to previously proposed Bi2O3, other Bi-

related materials, probably Bi metal, play an important role to isolate the active centers.

In chapter 3, the effect of annealing atmosphere on the optical properties of Bi doped

zeolites is studied by diffuse reflectance, steady state and time-resolved PL, and PLE spec-

tra. The results reveal that zeolites can be used as an excellent host material to stabilize

multiple Bi centers (Bi3+, Bi2+, and Bi-related NIR active centers) in the framework,

which shows ultra-broadband emission from visible to NIR range. Annealing in N2 leads

to the partial conversion of Bi3+ ions into Bi3+ and Bi-related NIR active centers. Most

of Bi-related NIR active centers are well isolated from the coordinated water in zeolites

due to sealing the pores of zeolites by Bi2O3 and BiO clusters. Our results demonstrate

that the broadband infrared emission may be attributed to the electronic transition of Bi

low valence state, rather than a higher valence state.
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In chapter 4, we have shown that tunable and highly efficient broadband NIR lumi-

nescence can be realized in Er-Bi co-doped zeolites. The emission covers the ranges of

930 - 1450 nm and 1450 - 1630 nm. The intensity ratio of the two bands can be tuned

by adjusting the concentration of Er and excitation wavelength. Steady state and time-

resolved PL, and PL excitation measurements indicate that two kinds of emitters coexist

in the pores of zeolites, and that near infrared active bismuth simultaneously acts as a

sensitizer of Er. The present results demonstrate an important rational strategy for the

design of a tunable near-infrared emitting zeolite-based nanosystem.

In chapter 5, a series of Nd-Bi co-doped zeolites were prepared, and the optical prop-

erties were investigated by PL and PL excitation spectra, and decay time measurements.

The results show that the NIR emission of Nd3+ ions is significantly enhanced by the

introduction of bismuth in co-doped samples, and the lifetime reaches 246 µs. Further-

more, it is revealed that NIR active Bi acts as a sensitizer of Nd3+ ions. The energy

transfer efficiency is also estimated. The peculiar optical properties make them promising

for potential application in biological probes.

In chapter 6, we studied the structural and optical properties of Yb-Bi co-doped zeolites.

We observe two strong NIR emission bands overlapping in the range of 930 - 1480 nm,

corresponding to the electronic transitions of bismuth-related NIR active centres and Yb3+

ions, respectively. In the obtained products, the excitation wavelength of Yb3+ is extended

to the range of 420 - 850 nm, and the lifetime reaches 665 µs. In the zeolite matrix, Bi

ions exist as bismuth-related NIR active centres and Bi compounds agglomerates. The

former one act as a sensitizer of Yb3+ ions, and the latter one act as a blockage to seal

the pores of zeolites, which enable Yb3+ ions to show efficient NIR emission even the

zeolites contain large amount of coordinated water. The excellent optical and structural

properties make these NIR emitting nanoparticles promising in application as biological

probes.

In chapter 7, the optical properties of Eu doped zeolites is investigated by co-doping

Bi. The addition of Bi3+ strongly enhances the red luminescence of Eu3+ (5D0 → 7F2) in

zeolites about 50 times, and the lifetime is significantly increased from 25.8 µs to 2.46 ms.

The results reveal that the O2− → Eu3+ charge transfer band and sensitization of Bi3+

ions distinctly enhances the excitation band of Eu3+ ions in the ultraviolet region. The

energy transfer efficiency is estimated to be 78 %. It is expected that the present Eu-Bi

co-doped zeolites have potential application in white-LEDs.

In chapter 8, we investigate the ultraviolet-blue to NIR downconversion for the Dy3+ -

Yb3+ couple in zeolites by steady-state and time-resolved PL spectra, and PL excitation

spectra. We demonstrate the existence of a two-step energy transfer process from the

long-lived 4F9/2 level of Dy3+ to two neighboring Yb3+ ions in zeolites. The energy

transfer efficiency from the 4F9/2 level is estimated to be 42 %, and the intrinsic PL

116



Chapter 9

quantum efficiency of Yb3+ emission reaches 54 %. The high energy transfer efficiency

and the efficient Yb3+ emission suggest that the materials may have potential application

in enhancing the energy efficiency of the silicon-based solar cell.
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