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Chapter 1

General Introduction

1.1 Background
Many functional ceramics are synthesized by the oldest and simplest method, the
solid state reaction (SSR) method. The method is to mix solid starting materials
(constitute metal oxides or carbonates) and then heat in furnace. The solid starting
materials do not react together at room temperature over normal time scales and it is
necessary to heat them at high temperatures, around or higher than 1000℃, in order for
reaction to occur at an appreciable rate. Although the SSR method suit mass production,
they offers a limited control of the final microstructure. The high-temperature synthesis
is requited in order to promote sintering and, eventually, crystal growth of the solid.
Therefore, it is difficult for the SSR method to reduce dimension (i.e. from three
dimensions to one dimension) of the inorganic material and obtain inorganic materials
with unique morphologies and tunable size.
Solution method at low temperature, such as sol-gel method [1, 2], hydrothermal
method [3, 4], and co-precipitation method [5, 6] are used as size or morphology
controllable method. The particles with various sizes and morphology can be
homogeneously obtained by liquid-phase reaction, because the reaction need not high
temperature operating resulting in the growth of particle, as compared with the SSR
method. The particles, ranging from 1 nm to 100 nm, are generally called as ―nano‖
particles. Nanoparticle shows various unique features in the morphological/structural
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properties, thermal properties, electromagnetic, mechanical properties, and optical
properties, as compared to miroro-scale crystals [7-12]. Inorganic nano materials with
unique morphologies and tunable size or dimension have attracted much attention in
chemistry and materials science.
Among of solution method, ―soft-chemical method‖ using the principles of soft
chemistry, or chimie douce―the French have coined the term firstly―has been
investigated actively over the last few decades for the following two features:

1. Soft-chemical method requires lower energy than other method. It has advantage that
reaction takes place at much lower temperatures than when using the SSR method. The
SSR method have problem to be solved such as high energy cost due to heating
operations and special conditions or equipment, such as high pressure furnace. Although
solution method requires lower temperatures than the SSR method, it involves a higher
cost and difficulty to handle on a large scale, because it requires special resolvable
reagents, acid/base treatment, or waste liquid treatment.
2. Soft-chemical method is in the synthesis of new, metastable phases, which cannot be
obtained by other routes; the metastable phases are kinetically stable to quite high
temperature. The final metastable phase retained structural features of the precursor
phase. For example, a new polymorpho of titanium dioxide, TiO2(B) has been
synthesized from the precursor phase K2Ti4O9 with layered structure obtained by the
SSR method [13]. The interlayer potassium ion in K2Ti4O9 is exchanged to proton,
forming H2Ti4O9・H2O. Finally, the new TiO2(B) polymorph is obtained by heating and
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dehydration. The crystal structure of TiO2(B) phase retained feature of precursor phase
K2Ti4O9. The product materials obtained by the soft-chemical method often have the
precursor-related structure―such reaction is called topotactic reaction.

Therefore, we focus on the soft-chemical method as a potentially powerful method in
order to new functional inorganic nanomaterial controlling thermodynamically
structural and morphological features at kinetic level.

1.2 Nanosheet obtained by soft-chemical method
―Nanosheet‖ is one of most interesting nanomaterials obtained by soft-chemical
method. It is well-known that some clay compounds exfoliate to single layer in water
and the colloidal suspensions are obtained [14-16]. With technology improvement,
layered compound except clay compounds can exfoliate to single layer, such as,
chalcogenides [17-19], phosphate [20-22] and oxides [23-33] ― this is nanosheet.
Nanosheet is two-dimensional materials which derived as a single layer from layered
precursor material by exfoliation of layered compounds via soft-chemical procedure; it
is the single crystal, because it preserves the structure of the layer in precursor
compound. Exfoliation of various layered compounds with exchangeable cation
interlayer has been reported, as listed in Table 1.1. Nanosheet has high anisotropic
aspect morphology, whose thickness is about single nano meters and lateral size range
from several hundred square nanometers to several square micrometers. It, therefore, is
expected to behave as a new class of inorganic macromolecules. The interesting
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properties of nanosheet have been reported, such as unique optical property differing
from those of bulk materials [34, 35], luminescence property [36-38], dielectric property
[39, 40], liquid crystallinity [41-42], and photocatalytic property with high activity due
to their large surface area [43-48]. Especially, the nanosheet has attracted great attention
as a well-defined building block to construct self-assembled nanostructure for designed
catalyst, photonic band gap materials, and nanoscale electronic devices.

Table 1.1 Kind of nanosheet
Clay compounds

Nax(Al2-xMg2)Si4O10(OH)2・nH2O

Chalcogenides

TaS2, NbS2, MoS2, WS2

Phosphates

α-Zr(HPO4)2・H2O, VOPO4・2H2O,

Ti oxides

Cs0.7Ti1.825□0.175O4, K2Ti4O9, Na2Ti3O7

Nb oxides

K4Nb6O17, KNb3O8

Ti-Nb oxides

KTiNbO5, KTi2NbO7

Mn oxides

K0.45MnO2, NaMnO2・nH2O

Layered perovskites

KCa2Nb3O10,

KLa2Nb2O7,

K2NaCaTa2O10, K2La2Ti3O10
Layered double hydroxides

[Mg1-xAlx(OH)2][(NO3)x・nH2O]

Grapheme

―

Boron nitride

―

4

Bi2W2O9,

1.3 Nanorscroll
1.3.1 Kind of nanotube
Some of nanosheets roll up spontaneously and transform into one-dimensional
morphology―this is nanoscroll. The thin film composed of nanosheets is possible to
create novel materials. They, however, can be used as a building block only for thin film
and substrate is required to build up nanosheet, as shown in Fig.1.2 (a). In contrast,
one-dimensional materials, nanoscroll can be used as a building block more widely,
ranging from one dimension to three dimensions without substrate, as shown in Fig. 1.2
(b).
One-dimensional materials are categorized to broad types―nesting and scroll―
depending on the structure, as shown in Fig.1.1. One-dimensional materials with tubular

Fig. 1.1 Image of the application forms of nanosheet and nanoscroll as building blocks.
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nesting structure such as layered chalcogenide WS2 and MoS2 nanotube [49, 50] and
carbon nanotube [51] and boronnitride nanotube [52] have been reported increasingly.
However, it is difficult to be prepared the single-crystalline nanotube doped a small
amount of metal-ion such rare-earth ions exhibiting various excellent functions, because
they

are

usually

synthesized

by

the

hydrothermal

method

based

on

resolution/reprecipitation reaction and a small amount of dopant ion are excluded from
the crystal lattice. On the other hand, it is easy to be prepared single-crystalline
nanoscroll―scroll-type oxide nanotube―doped a small amount of metal-ion such
rare-earth ions. They are usually synthesized by the soft-chemical method based on
topotactic reaction. Therefore, single-crystalline layer and nanoscroll could be easily
obtained by doping metal-ions in the precursor structure, because the layer preserves the
structure of the layer in the precursor. We, therefore, focused on oxide nanoscrolls,
because nanoscroll has both advantages of nanosheet (single crystal) and nanotube (1D
material).

Fig. 1.2 Image of two type nanotube.
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Although some nanotube like TiO2 [53-55], V2O5 [56 -58] were obtained by the
hydrothermal method, they could be obtained as nanoscroll or nanotube preserving the
layered structure. In this study, we view these materials as to be nanotube.

1.3.2 Problem of nanoscroll: the type of oxide nanoscroll is limited.
However, nanoscroll is actually quite rare, such as H0.70Ti1.825□0.175O4・H2O (□:
vacancy) [59], H0.13MnO2・0.7H2O [59], HCa2Nb3O10・1.5H2O [59], Ruddlesden-Popper
pahses H2[An-1BnO3n+1] (A= Na, Ca, Sr, La; B= Ta, Ti) [60], and K4-xHxNb6O17 (x= 3)
[61]. In particular, the type of elements constructing matrix is limited. The oxide
nanoscroll only with Ti, Ta, and Nb, up to now, have been reported, probably because
many oxide with these transition metals form layered structure. Consequently, the
property is also limited to photocatalystic properties [62, 63].

1.3.3 Problem of nanoscroll: Synthetic method
Nanocsroll are usually synthesized by two step processing, as shown in Fig. 1.3 :
1) H+ exchange of the layered structure materials, and then 2) exfoliation of single layer
using large amine i.e. tetrabutylammonium hydroxide (TBA+OH-). However, the
adsorbed organic ions on the surface of nanoscroll usually result in the reduction of the
opto-electric properties of nanoscroll materials. A new type environment-friendly
synthetic method without organic solvent is necessary in order to efficiently use the
nanoscrolls in optical and opto-electric devices and characterize optical and electric
properties of pure nanoscroll themselves.
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Fig. 1.3 Image of process for synthesis of nanoscroll.

1.3.4 What kind layer rolls up?
HxK4-xNb6O17 nanoscrolls, which were obtained by exfoliation of layered niobate,
K4Nb6O17, are reported by Mallouk et al. and they explained that (‒Nb6O17‒)n sheets
spontaneously rolled up by the difference of stress originating in asymmetric structure
of the top and bottom of (‒Nb6O17‒)n sheets [61]. However, the similar behaviors have
also been reported for layered structure materials having symmetric layers, such as
H2CaNaTa2O10 [60], H2SrTa2O7 [60] and H0.7Ti1.825□0.175O4·H2O [59]. It is possible,
therefore, that there is no relationship between symmetry of layer sheets and rolling-up
mechanism because not only asymmetric layer but also some symmetric sheets also
rolled up―the rolling up mechanism is still unclear. In this study, therefore, we also
investigated the relationship between the rolling up phenomena and symmetry of the
layers.
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Fig. 1.4 Two type layer rolling up spontaneously.

1.4 Our suggestion of precursor
We focus on alkali metal rare-earth molybdate with general composition
ALn(MoO4)2 (A: Alkali metal ion, Ln: rare earth ion) with layered structure as a new
precursor for synthesis of nanoscroll, because of their structures and versatile properties,
such as catalytic properties [64], photoluminescence properties [65, 66], and laser
properties [67, 68]. Therefore, nanosheet and nanoscroll are expected as
high-performance nanomaterials. Especially, we focus their photoluminescence property
because rare earth molybdates show excellent photoluminescence and there are no
reports of nanoscroll phosphor with rare-earth element in the crystal structure.
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1.4.1 ALn(MoO4)2 with layered structure
The structure of the double rare-earth molybdates ALn(MoO4)2 are determined by
the ionic radius of alkali metal ion and rare-earth ion; the structure was summarized in
several investigations [69-71]. ALn(MoO4)2 (A= Li, Na) have the scheelite-type
structure for all rare-earth elements, as shown in Fig. 1.5 (a) They have MoO4 tetrahedra
and the REO8 units with an eight-coordination number. KLn(MoO4)2 forms
KLn(MoO4)2 phases with the KY(MoO4)2-type structure observed only for RE= Dy–Lu.
For RE= Eu, Gd, Tb, triclinic α-KEu(MoO4)2-type structure with the space group of P-1
[72] can be observed in KLn(MoO4)2 [69]. Fig. 1.5 (b) shows crystal structure of
triclinic KLn(MoO4)2 with the space group of P-1. KLn(MoO4)2 contains (Ln(MoO4)2)n
layers stacked along c-axis and exchangeable potassium cations between (Ln(MoO4)2)n
layers. This is indicates that K+ ion in the KLn(MoO4)2 was easily exchanged with
another ions by the ion-exchanging method. In (Ln(MoO4)2)n layers, additionally, two
MoO4 tetrahedra situated in two Mo6+ site, respectively are unsymmetrically located on
top and bottom of LnO8 polyhedron. The lack of inversion symmetry (Ln(MoO4)2)n
layers is expected to cause rolling up, if there is the relationship between symmetry of
layer sheets and rolling-up mechanism. By confirming whether the KLn(MoO4)2 can
roll up to nanoscroll via exfoliation, it, therefor, is possible to suggest a useful example
for the elucidation of rolling-up mechanism.
In addition, other ALn(MoO4)2 layered structures have been reported:
orthorhombic KY(MoO4)2-type structure with the space group of Pbcn [70], as
described in Fig. 1.5 (c), and monoclinic CsLu(SO4)2-type structure with the space
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group of P12/c 1 [71], as described in Fig. 1.5 (d), respectively. These type structures
have something in common with α-KEu(MoO4)2-type structure. The affinity is that they
are composed of (Ln(MoO4)2)n layers stacked along axis having two MoO4 tetrahedra
unsymmetrically located on top and bottom of LnO8 polyhedron and exchangeable
potassium cations between (Ln(MoO4)2)n layers, although two MoO4 tetrahedra situated
in only one Mo6+ site. Because of lack of inversion symmetry in their layers, therefore,
ALn(MoO4)2 with those type structure is also expected to be protonated, to be
exfoliated, and to roll up.
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Fig. 1.5 The crystal structures of ALn(MoO4)2.

12

1.4.2 Approach for H+ exchange and exfoliation of ALn(MoO4)2
However, there was no success in exchanging interlayer alkali metal ions by
protons, exfoliating ALn(MoO4)2 into Ln(MoO4)2 nanosheet, and rolling up into Lｎ
Ln(MoO4)2 nanoscroll. Why are there no reports despite to layered structure with
ion-exchangeable alkali ions? The reason is simple―It’s because they dissolve in over 1
M concentrated acid which were used for conventional H+ exchange method! As
solution for this problem, we used dilute acid, one hundredth of concentration of
conventional acid.

1.5 Objectives and scope of this thesis
Main goal of this study are states as follows;
1. Synthesis of a novel nanoscroll via soft-chemical procedure without organic solvent
2. Protonated and transformation of the layered oxides with rare-earth ions acting as
emissive center, except Ti, Nb, and Ta containing oxides―ALn(MoO4)2
3. Characterization of luminescence property of obtained samples themselves without
organic compounds
4. Development of luminescence properties of obtained samples

1.6 Composition of this thesis
This study is composed of seven chapters as follows;
In chapter 2, synthesis of H+-exchanged ALn(MoO4)2 (Ln= K, Rb, Cs), detail
observation of the morphology, and the photoluminescence property of the protonated
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are described. Both photoluminescence property and liquid crystallinity of the solution
dispersed HEu(MoO4)2 nanoscroll derived from KEu(MoO4)2 in de-ionized water are
explained.
In chapter 3, red-emissive triclinic KEu(MoO4)2:Gd3+ were synthesized in order
to suppress concentration quenching of the matrix by substitute Eu3+ with Gd3+. The
morphological and ptoluminescence properties of precursor powder and protonated
powder are characterized.
In chapter 4, green-emissive triclinic KEu(MoO4)2:Gd3+ by substitute Gd3+ with
Tb3+ were synthesized in order to obtained green-emissive phosphor nanoscroll and
broaden the area of application. The morphological and ptoluminescence properties of
precursor powder and protonated powder are characterized.
In chapter 5, synthesis of other nanoscrolls from orthorhombic RbLn(MoO4)2 (Ln
= Pr, Nd, Sm, Eu), are discussed.
Finally, we summarize the morphological, structural, and photoluminescence
properties of Ln(MoO4)2 nanoscroll in Chapter 6.
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Chapter 2

Synthesis and Photoluminescence Properties of HEu(MoO4)2 Derived
from Layered Molybdate AEu(MoO4)2 (A=K, Rb, Cs) by H+-exchange
Method

2.1 Introduction
Nanophosphors, recently, were actively investigated due to their potential
applications in the flat panel displays, solar energy converters, optical amplifiers,
electroluminescenct devices, photodiodes, bio-detectors, sensors, and color display.
They are also significantly important material in the field of luminescence because they
exhibit excellent optoelectronic properties [1-5]. Among these applications, solar energy
converters have been received much attention during the last few decades [6-8]. The
crystal Si solar cells were widely used on an industrial scale, because of its low cost and
high electrical conversion efficiency. However, the efficiency limit of crystal Si solar
cells was approximately 30%, which is considered to be the mismatch between the
incident solar photon spectrum and the energy band gap of silicon. In particular, silicon
has low optical absorption below 400 nm (Fig. 2.1). Therefore, various schemes have
been proposed to overcome this fundamental efficiency limit for the crystal Si solar
cells [9-16]. Among these schemes, one way to surpass this limit is using a
luminescence down-shifting process to absorb high-energy photons and re-emit them at
longer wavelengths such that the photovoltaic device exhibits a significantly better
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response. Therefore, investigations have been devoted to search for new high efficiency
down-conversion nanophosphors, which can show excellent optical absorption below
400 nm.

Solar spectrum
λ = about 500 nm

Crystalline Si spectral responce

Intensity / a.u.

downconversion

Si band gap
(Eg = 1.12 eV)

Thermalization loss

Converting area

400

600

800
1000
Wavelength / nm

1200

1400

Fig. 2.1 Downconversion for crystalline Si solar cell.

The triclinic KEu(MoO4)2 with α-KEu(MoO4)2-type layered structure [17]
exhibits red emission (over 600 nm) attributed to f-f transition of Eu3+[18-20]. The
optical property—optical absorption (below 400 nm) and red emission (around 614
nm)—is suitable for a spectral-converter phosphor for crystalline Si solar cells,
enhancing the energy conversion efficiency. The nanoparticle of KEu(MoO4)2 is a good
candidate for spectral-converter phosphor. This study, therefor, is aimed at synthesis of
nanomaterial of KEu(MoO4)2 originated to precursor layered structure by soft-chemical
H+ exchange method. In addition, RbEu(MoO4)2 and CsEu(MoO4)2 have layered
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structures; they have orthorhombic KY(MoO4)2-type structure with the space group of
Pbcn, and monoclinic CsLu(SO4)2-type structure with the space group of P12/c1,
respectively [21-23]. Although they contain Eu3+ acting as emission center in the
crystalline lattice, there are few reports of their luminescence properties; detail
structural and luminescence property of CsGd1-xEux(MoO4)2 solid-solution phosphor,
recently [21], has been reported. Thus, their nanoparticle is also expected as novel
nanophosphor by soft-chemical H+ exchange method.
In this chapter, we confirm whether alkali metal cations in the layered molybdates
AEu(MoO4)2 (A=K, Rb, Cs) are exchanged by protons in dilute (0.01 M) HNO3
aqueous solution or not. The morphology and luminescence properties of protonated
powders are also investigated. In addition, re-dispersibility―this property is required to
apply for practical thin film in display or wavelength converter of crystalline Si solar
cell―dried HEu(MoO4)2 powder and the photoluminescence property solution
dispersed HEu(MoO4)2 to deionized water was investigated.
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2.2 Experimental
2.2.1 Synthesis of materials
Precursor powder, AEu(MoO4)2 was synthesized by a conventional solid-state
reaction method. A mixture of K2CO3 (purity 99.95%; Kanto Chemical Co. Inc.),
Rb2CO3 (purity 97%; Wako Pure Chemical Industies, Ltd.), and Cs2CO3 (purity
99.99%; Kanto Chemical Co. Inc.), Eu2O3 (purity 99.99%; Shinetsu Chemical Co. Inc.),
and MoO3 (purity 99.99%; Kojundo Chemical Co. Inc.) was mixed using a mortar with
acetone for 15 min, and then the mixture was calcined at 700°C for 6 h in air.
HEu(MoO4)2 powders were obtained by stirring of AEu(MoO4)2 (0.5 g) in 0.01 M
aqueous HNO3 solution (100 mL) at room temperature for 7 days in order to exchange
alkali metal ions to proton. The acid solution was refreshed once several days to
complete H+ exchange. After stirring, the solution was isolated suction filtration with
membrane filter (ADVANTEC MFS, INC., mixed cellulose ester, pore size: 0.45μm,
diameter: 47 mm). The sample was washed with deionized water for 24 h and then dried
at 50 °C for 24 h.
2.2.2 Materials characterization
The obtained samples were characterized by X-ray powder diffraction (XRD;
Mac Science Ltd., MX-Labo) to identify the crystal structure and the sample
composition was analyzed by X-ray fluorescence analysis (XRF; Seiko Instruments Inc.,
SEA 1200VX). Morphology of the samples was characterized by means of scanning
electron microscopy (SEM; 5310MVB, JEOL Ltd.) and transmission electron
microscopy (TEM; JEM-1200EX, JEOL Ltd.). The emission (PL) and excitation (PLE)
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spectra were measured at room temperature with a spectrofluorometer (Jasco Corp.,
FP-6500/6600), where the emission spectra were obtained for excitation at 396 nm, and
excitation spectra were obtained for emission at 612 nm. The Raman spectrum in the
range of 50-1200 cm-1 was investigated using a 532 nm laser as an excitation source
(LabRAM, Horiba). Polarized-light microscopy observation of liquid crystal phase of
HEu(MoO4)2 in a capillary was performed with a Olympus BX60.
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2.3 Result and discussion
Structural and Morphological properties
To synthesize nanophosphors, the obtained AEu(MoO4)2 phosphors were stirred
in HNO3 aqueous solution at room temperature. The AEu(MoO4)2 powders, however,
were completely dissolved in highly concentrated HNO3 solution above 0.05 M during
the stirring process for several hours. In contrast, for the samples stirred in 0.01 M
aqueous HNO3 solution for 7 days, the alkali metal ions of the AEu(MoO4)2 phosphors
were successfully exchanged by H+ without particle dissolution. The composition of
AEu(MoO4)2 before and after H+ exchange was analyzed by XRF. The compositions are
based on amount of Mo. In all sample powder, the amount ratios of Mo and Eu maintain
after H+ exchange procedure. On the other hand, there was remarkable change of
amount of alkali metal ions. Fig. 2.2 shows the amount of alkali metal ions in the
phosphors before and after H+ exchange procedure. Fig. 2.2 (a), (b), and (c) revealed
that the composition of KEu(MoO4)2 and after-protonated KEu(MoO4)2, RbEu(MoO4)2
and

after-protonated

CsEu(MoO4)2.

The

RbEu(MoO4)2,
precursor

and

powders

of

CsEu(MoO4)2
KEu(MoO4)2,

and

after-protonated

RbEu(MoO4)2,

and

CsEu(MoO4)2 are described K-form, Rb-form, and Cs-form, respectively; the
protonated powders are described HK-form, HRb-form, and HCs-form, respectively. In
all samples, the ratio of Eu and Mo basically retains after H+ exchange, suggesting the
framework of the precursor structure preserves. On the other hand, the ratio of
remaining K+, Rb+, and Cs+ in protonated powders is 3.5, 0.1, and, 4.2 %, respectively,
as summarized in Fig. 2.2 (d). In all sample, the amount of alkali metal ions in the
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protonated powders was reduced less 5%. This result indicates that K ion, Rb ion, and
Cs ion in KEu(MoO4)2, RbEu(MoO4)2, and CsEu(MoO4)2, respectively were
successfully exchanged by H+, retaining their framework.

Fig. 2.2 XRF results of before and after (a) KEu(MoO4)2 (b) RbEu(MoO4)2,
and (c) CsEu(MoO4)2 powder. The precursor powders were synthesized by a
conventional solid state method and dried protonated powder were obtained by
H+-exchange method using 0.01 M HNO3 for 7 d.
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Table 1 summarizes the condition of H+ exchange method in the previous works
of nanoscrolls. It's noteworthy that H+ exchange of AEu(MoO4)2 proceeded in the
diluter acid, compared with the previous works―the concentration of the acid solution
which was used for H+ exchange of AEu(MoO4)2 is about one-hundredth of the previous
works―although the H+-exchange reaction time of AEu(MoO4)2 was similar to that of
the previous works. This result suggests that AEu(MoO4)2 have the faster proton
exchange rate than other layered oxide containing Ta, Nb, and Ti. Probably, the
difference of the proton exchange rate between AEu(MoO4)2 and other layered oxide
containing Ta, Nb, and Ti is due to the difference in H+ conductivity, causing from the
difference in the charge density of the interlayer contributed by the central ions (Mo6+,
Ta5+, Nb5+, and Ti4+) of the MoO4, TaO6, NbO6, and TiO6 polyhedra; the charge density
of the central ions are proportional to the valence (Mo6+, Ta5+, Nb5+, and Ti4+).
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Fig. 2.3 shows the powder XRD patterns of the precursor AEu(MoO4)2 powder
and HEu(MoO4)2 powder prepared by the H+ exchange of AEu(MoO4)2. As shown in
Fig. 2.3 (a), (b), and (c), all observed diffraction patterns of the precursor powder were
well indexed the standard XRD pattern of triclinic α-KEu(MoO4)2-type structure with
the space group of P-1, orthorhombic KY(MoO4)2-type structure with the space group
of Pbcn, and monoclinic CsLu(SO4)2-type structure with the space group of P12/c1,
respectively; the standard diffraction patterns were obtained from the inorganic crystal
structure database (ICSD). In contrast, the XRD patterns of protonated powders were
different from those of the precursor powders. This result indicates that the structures
changed by H+ exchange. The detail crystal structures, unfortunately, have not been
revealed yet. Fig. 2.3 (d) shows the summarized XRD patterns of protonated powder
derived from AEu(MoO4)2. All protonated powders have the new diffraction peaks (in
blue area) which are not detected in the precursor powders; the new peaks are situated
the similar area in all protonated powders. This result indicates that all protonated
powders have similar structure by H+ exchange.
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Fig. 2.3 The XRD patterns of (a) precursor KEu(MoO4)2 (K-form) powder and
protonated (H-form) powder, (b) precursor RbEu(MoO4)2 (Rb-form) powder
and protonated (H-form) powder, (c) precursor CsEu(MoO4)2 (Cs-form)
powder and protonated (H-form) powder, and (d) all protonated powders. All
A-form (A=K, Rb, Cs) powders were synthesized by a conventional solid state
method. All dried H-form powders were obtained by stirring in 0.01 M HNO3
at room temperature for 7 d and drying.
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Fig. 2.4 The d-spacing of the smallest peak in the precursor and protonated
powders, indicating the interlayer distance. The broken line shows the average
d-spacing after H+ exchange.

The d-spacing of peaks at the smallest angle reflect the interlayer distances of
precursor powders with layered structure. Fig. 2.4 shows the value of d-spacing of the
smallest peak in the precursor (between d=0.94 and 1.03 nm) and protonated (around
d=1.04) powders. Although the d-spacing of the smallest peak of precursor powders
were different, those of protonated powders were similar, indicating that all protonated
powders form similar large-distance structure by H+ exchange regardless of that of
precursors.
Fig. 2.5 shows the SEM images of the precursor AEu(MoO4)2 powders and
HEu(MoO4)2 powder prepared by the H+ exchange of AEu(MoO4)2. The particles of
precursor K-form, Rb-form, and Cs-form have a granular particle morphology; the
particle sizes in all samples were over 10 μm. On the contrary, the protonated powders
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show different result from the precursor powders. HK-from, HRb-form, and HCs-form
have rod-like particle morphology, as shown in Fig. 2.5 (a-c). The high-magnification
images inserted in Fig. 2.5 (d-f) revealed that the rod-like particles contained smaller
rod-like particles and formed bundles. The rod-like particle in bundles are 10 - 30 μm in
average length, and most have outer average diameters ranging from 270 to 300 nm.
These results indicate that the particle size and morphology of AEu(MoO4)2 were
successfully changed by the H+-exchanging in the alkali metal site, although the sample
after H+-exchanging was maintain layered crystal structure.
To gain a better understanding of the mechanism of morphological change, we
have studied the time course of the reaction by TEM. Fig. 2.6 depicts TEM images of
protonated powder obtained after different reaction times. After reacting for 12 h,
intermediate which thin sheet are kinking and spontaneously rolling up―as a spill
formed by twisting of paper―can be seen shown in Fig. 2.6 (a). The rolling-up
transformation occurred at the same time as exchanging K+ into H+; exfoliation
phenomena also occurred at same time. This result suggests that the nanoscrolls of
HK-form powder was successfully obtained by H+ exchange procedure. Eventually,
uniformly sized nanoscrolls with an outer diameter of 20 nm were obtained. The
nanoscrolls spontaneously gathered and lined up, as shown in Fig. 2.6(d); the outer
diameter of bundled nanoscrolls was coincided with that of rod-like particles in Fig.
2.5(d). It is noteworthy that HEu(MoO4)2 nanoscrolls formed self-assemble bundles
under the condition which no organic compound with positive charge exist; it’s very
rare case, because self-assembly of the particles are used organic compound and
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polymer [30-39]. In this study, HEu(MoO4)2 nanoscrolls probably gathered using
H+/H3O+ ions as counter cations and formed H+/H3O+ bridging bond like
Mo-O-H+/H3O+-O-Mo. Unfortunately, the condition of H+/H3O+ in H-form powders
remain incompletely understood.
In previous study, the exfoliation of layer parts from precursors and rolling up of
the layers is observed via not only H+ exchange but also reaction with organic
compound, because electrostatic interaction between layers is strong in most precursors
of nanosheet and nanoscroll, transition metal oxide [40, 41]. Why exfoliation of
(Eu(MoO4)2)n layers from KEu(MoO4)2 occurs only by H+ exchange? We consider the
answer in terms of the difference in electronegativities of elements contained in the
precursor structures. In Nb-containing precursor K4Nb6O17, for instance, the difference
between the electronegativities of Nb5+ (1.6) [42] and O2- (3.44) [42] in (Nb6O17)n layers
is 1.84 and that of inter layer K+ (0.8) [42] and O2- (3.44) [42] shared with NbO8
polyhedra in (Nb6O17)n layers is 2.62. On the other hand, in case of KEu(MoO4)2, the
difference between the electronegativities of Mo6+ (2.16) [42] and O2- (3.44) [42] in
(Eu(MoO4)2)n layers is 1.36 and that between inter layer K+ (0.8) [42] and O2- (3.44)
[40] shared with MoO4 tetrahedra and EuO8 polyhedra in (Eu(MoO4)2)n layers is 2.62.
The difference between the electronegativities of Mo-O, obviously, is smaller than that
of Nb-O, indicating that Mo-O is more covalently bound than Nb-O. As a result, the
difference of combinative capability between Mo-O and K-O in KEu(MoO4)2 is clearer
than that of combinative capability between Nb-O and K-O in K4Nb6O17. Consequently,
electrostatic interaction between ion-exchangeable alkali metal ion interlayers and the
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(Eu(MoO4)2)n layers in is weaker than that between ion-exchangeable alkali metal ion
interlayer and (Nb6O17)n layers. In case of other nanosheet or nanoscroll precursors with
Ti, and Ta, the difference between the electronegativities of Ti-O and Nb-O is 1.9 and
1.94, respectively; the value is larger than that of Mo-O, 1.36. The weaker electrostatic
interaction between interlayer K ions and the (Eu(MoO4)2)n layers caused exfoliation
only by H+ exchange. However, the detail of rolling-up mechanism of AEu(MoO4)2 are
not clear.
Furthermore, (Eu(MoO4)2)n layers spontaneously rolled up only by H+ exchange.
The rolling-up behaviors mechanism might be similar to that of nanoscroll derived from
K4Nb6O17. The spontaneous rolling up caused by lack of inversion symmetry of
(Eu(MoO4)2)n layers, as shown in Fig. 1.(b). MoO4 tetrahedrons are located one above
the other unsymmetrically in Eu(MoO4)2 single layer and a space-filling of the top and
the bottom of a shingle sheet are different. The rolling-up phenomena of RbEu(MoO4)2
and CsEu(MoO4)2, as in case with KEu(MoO4)2, could be accounted for in terms of
their crystal structure with asymmetric layer. Additionally, the pH is important in
controlling the rolling-up/unrolling-up equilibrium. Below about pH 7, the particles
begin to aggregate, and consequently form tubular morphology, because the solution
conditions are unsuitable to attain well-dispersed colloids [43, 44]. The rolling up of
AEu(MoO4)2 after exfoliation, therefore, is prompted by not only the symmetric layer
morphology but also the acidic condition.
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Fig. 2.5 The SEM images of precursor powder (a) KEu(MoO4)2 (K-form), (b)
RbEu(MoO4)2 (Rb-form), and CsEu(MoO4)2 (Cs-form) and protonated powder
(d) HK-form, (e) HRb-form, and (f) HCs-form. All precursor A-form (A=K,
Rb, Cs) powders were synthesized by a conventional solid state method. Inset
in (d)-(f) are high-magnification SEM images. All dried H-form powders were
obtained by stirring in 0.01 M HNO3 at room temperature for 7 d and drying.
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Fig. 2.6 The TEM images of protonated HK-form powder obtained after
reacting for (a) 12 hours, (b) 2 days, and (c) 7 days and (d) the high-resolution
TEM images of protonated powder obtained after reacting for 7 days.
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Optical properties
Fig. 2.7 shows the excitation and emission spectra of the precursor AEu(MoO4)2
powder and HEu(MoO4)2 powder prepared by the H+ exchange of AEu(MoO4)2. The
excitation spectra of K-form, Rb-form, and Cs-form powders shows a broad O2--Mo6+
charge transfer (CT) band and some strong narrow peaks were observed between 360
and 500 nm, and were attributed to the 4f-4f transitions of the Eu3+ ion; the emission
spectra of them show some strong narrow peaks were observed, coincided to the 4f-4f
transitions of the Eu3+ ion. the emission peak intensity corresponding to the 5D0‒7F2
electric dipole transition at 614 nm is higher than that of the 5D0‒7F1 magnetic dipole
transition at 592 nm, suggesting that the Eu3+ ions occupy sites in the KEu(MoO4)2
lattice without inversion symmetry. In addition, it is noted that the CT band of Eu3+-O2is not clearly observed in the excitation spectra due to the possible overlap of the CT
band with that of molybdate group [45-47]. On the order hand, the excitation absorption
band of the CT transition of O2--Mo6+ of HK-form, HRb-form, and HCs-form shifts to
the longer wavelength side with H+-exchanging and the excitation absorption band of
the CT band of Eu3+-O2- is clearly observed in the excitation spectra. The excitation
peak shift with H+ exchanging can be explained by the change of the interaction with
the environment around the Mo6+ ion in the host lattice. The position of the excitation
band of MoOx groups depends on the coordination number x. With increasing the
coordination number of Mo ions in the host matrices, the position of CT band shifts to
longer wavelength, because higher coordination number of Mo ion leading to a longer
and weaker Mo6+-O2- bond [48]. The CT band edge of H-form powders (450 nm) is
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Fig. 2.7 The excitation (broken line) and emission (solid line) spectra (a) precursor
KEu(MoO4)2 (K-form) powder and protonated (HK-form) powder, (b) precursor
RbEu(MoO4)2 (Rb-form) powder and protonated (HRb-form) powder, (c) precursor
CsEu(MoO4)2 (Cs-form) powder and protonated (HCs-form) powder.
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similar to that of molybdate phosphors with MoO6 group (420-480 nm) [48]. This result
indicates that the coordination environment around Mo ions in AEu(MoO4)2 changes
higher-coordination environment by H+ exchange and consequently forming nanoscroll.
In the emission spectra, meanwhile, all peaks corresponded to the Eu3+ 4f-4f transition,
and the emission peak profiles of these sample before or after H+-exchanging were
essentially the same and there is no spectral shift due to the H+-exchanging because the
symmetric environment around the Eu3+ ion in the (Eu(MoO4)2)n layers is the same in
the samples.
To investigate change of environment around Mo ions, we performed Raman
spectrometry. The Raman spectra of the precursor AEu(MoO4)2 powder and
HEu(MoO4)2 powder prepared by the H+ exchange of AEu(MoO4)2 is shown in Fig. 2.8.
The Raman spectra of precursor K-form, Rb-form, and Cs-form powders consist of
characteristic Raman mode of alkali rare-earth molybdates with isolated MoO4
structure: the stretch vibration of MoOx polyhedra in higher frequency area (800-1000
cm-1) and wide empty gap in the range 500-700 cm-1 [49-58]. After H+ exchange
procedure, new Raman peaks were observed in H-form powders which are not observed
in the Raman spectra of the precursors, although some peaks corresponding to those of
precursors remained. The observed exotic Raman peaks in the three H-form materials
which are not observed in the Raman spectra of the precursors are listed in Table. 2.2.
The Raman peaks of H-form powders were located at similar area. This result indicates
that the all H-form powders have similar bonding structure, despite the difference of the
crystal structure of precursors. The Raman bands (blue-color font) at 150 (HK-form),
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156 (HRb-form), 157 (HCs-form) and 817 (HK-form), 816 (HRb-form), 819
(HCs-form) cm-1 are assigned to infinite layered sheets in α-MoO3: the associated
Mo-O-Mo bending mode and asymmetric vibration of the bridging Mo-O-Mo bonds
[52/58-55/61]. The Raman band (green-color font) at 960 (HK-form), 961 (HRb-form),
956 (HCs-form) cm-1 is attributed to the symmetric stretching vibration of isolated
MoO6 and band at 702(HK-form), 703 (HRb-form), 706 (HCs-form) cm-1 are coincided
with asymmetric stretching vibration of isolated MoO6 [53, 58, 62]. This result indicates
that MoO6 formed by H+ exchange and consequently the excitation absorption band
shift to the longer wavelength side in the excitation spectra of protonated powders. The
Raman band (red-color font) at 883(HK-form), 874 (HRb-form), 881 (HCs-form) cm-1
corresponds to asymmetric stretching vibration of MoO4 in dimeric O3Mo-O-MoO3 unit
[58]. These results indicate H-form powders forms isolated MoO6 structure and bridging
Mo-O-Mo bonds, while the precursor, originally, have only isolated MoO4 in the crystal
structure by H+ exchange and rolling up.
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Fig. 2.7 The Raman spectra (a) precursor KEu(MoO4)2 (K-form) powder (black line)
and protonated (HK-form) powder (red line), (b) precursor RbEu(MoO4)2 (Rb-form)
powder (black line) and protonated (HRb-form) powder (red line), (c) precursor
CsEu(MoO4)2 (Cs-form) powder (black line) and protonated (HCs-form) powder (red
line).
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Fig. 2.8 The photograph of the suspension re-dispersed dried (a) HK-form, (b)
HRb-form, and (c) HCs-form nanoscrolls into deionized water after 1 h (The
concentration of the H-form powder was adjusted to 1.0 × 10-3 mol/dm-3) and
their Tyndall effect and emission under UV light of 365 nm.
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We investigated re-dispersibility of H-form powders, because it is important in
order to use as phosphor-disperse films. Fig. 2.8 shows the photograph of the
suspension re-dispersed dried H-form nanoscrll powders into deionized water after 1 h.
The concentration of the H-form powders was adjusted to 1.0 × 10-3 mol/dm-3. The
Tyndall effect was confirmed by the scattering of a laser beam in the colloidal solutions
dispersed H-form powders, suggesting that the H-form nanoscroll powders have
re-dispersibility. Additionally, the all solutions exhibit red emission, under UV light of
365 nm.
Fig. 2.9 shows the excitation and emission spectra of the solution dispersed the
H-form powders into deionized water. Although the peak intensity of excitation and
emission spectra of the phosphor solution was lower than that of the phosphor powder,
similar to the results obtained for the H-form powder shown in Fig. 2.7. The excitation
spectrum consisted of two broad band, corresponding to charge transfer (CT) transitions
of Eu3+-O2− and O2−-Mo6+, respectively. Several strong narrow peaks were attributed to
4f-4f transitions of Eu3+. Among these, the dominated sharp peak at 465 and 531 nm
corresponded to the 7F0-5D2 and 7F0-5D1 transition of Eu3+. In addition, the phosphor
solution presents strong red-emission under excitation wavelength at 365 nm due to the
4f-4f transition of Eu3+.
The solution exhibits another very unique and interesting property―liquid
crystallinity. Liquid crystal is the material which has both of fluidity and anisotoropy.
The behavior is one of the most important properties characteristic to anisotropic colloid
particles and is fundamentally explained by the Onsager theory based on the excluded
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volume effect [65, 66]. Liquid crystallinity of HK-form nanoscroll solution is confirmed
by observing them between crossed polarizers by an optical microscope. The
configuration of the optical microscope is shown in Fig. 2.10. When the polarized light,
made by under-side polarizer, incidents on an anisotropic particle, the polarized light
parts two refracting light―this phenomenon is called "birefringence". Each of two
refracting light has different refractive index which is different with each domain,
causing interference color. If the sample is isotropic material, the visual field shows
dark part. Therefore, the bright or color part indicate the sample show liquid
crystallinity. Fig. 2.11 shows a typical photograph of nanoscroll solution in capillary
observed between crossed polarizers. The solution obviously shows birefringence and
the bright and dark domain with the angle control made by the optical axis and
polarization plane, as well as other inorganic liquid crystal materials [67-72]. This result
indicates that HK-form nanoscroll solution have liquid crystallinity. There are only a
few reports on inorganic liquid crystals, such as rod-like β-FeOOH [73], ribbon-like
V2O5 gel [74] sheet-like H3Sb3P2O14 [75] and [Nb6O17]4- nanosheet [76], rod-like
quantum dot CdSe [77], compared with organic liquid crystal materials. Up to now, to
our knowledge, no emissive inorganic liquid crystal materials have been reported. The
the solution dispersed HEu(MoO4)2 powders in de-ionized water, therefore, is the first
case of the solution materials exhibits both liquid crystallinity and luminescence
properties.

46

Fig. 2.9 The excitation (broken line) and emission (solid line) spectra of
the suspension re-dispersed dried (a) HK-form, (b) HRb-form, and (c)
HCs-form nanoscroll powders into deionized water after 1 h.
Concentration of the H+-form powder in the solution: 1.0 × 10-3
mol/dm3.
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Fig. 2.10 The configuration of an optical microscope.

Fig. 2.9 An optical microscope image of the solution re-dispersed HEu(MoO4)2 nanoscroll
powder derived from KEu(MoO4)2 (HK-form) in deionized water in a capillary under crossed
polarizers at room temperature. Concentration of the HK-form powder in the solution:

1.0 × 10-3 mol/dm3.
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2.4 Summary
KEu(MoO4)2, RbEu(MoO4)2, and CsEu(MoO4)2 were successfully protonated by
stirring in dilute HNO3 aqueous solution (0.01 M) at room temperature for 7 day
without organic compounds. The protonated powders have similar structure,
morphology and optical properties, regardless of the structural difference of precursors.
HEu(MoO4)2 could be synthesized under milder condition than other protonated
materials, because the H+ exchange procedure of HEu(MoO4)2 required diluter acid than
other protonated materials. HEu(MoO4)2 has bundled nanoscroll morphology and the
nanoscroll particle is below 20 μm in length, and have uniform outer diameters of about
20 nm suggesting that the way to roll up follows some sort of rules. The HEu(MoO4)2
nanoscroll shows excellent optical absorption below 450 nm and presents strong red
emission due to the 4f-4f transition of Eu3+. In addition, the HEu(MoO4)2 powders
shows re-dispersibility in deionized water and the solution shows good luminescence
efficiency under excitation at 396 nm and liquid crytalinity. Since the HEu(MoO4)2
nanoscroll solution is transparent and show good luminescent emission, it is expected to
use in crystal Si solar cells as a down-conversion materials.
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Chapter 3

Improvement of luminescent efficiency of HEu(MoO4)2 nanoscrolls
phosphor by suppression of concentration quenching

3.1 Introduction
Thin films with dispersed nanophosphor have been investigated for their use in
displays, LEDs, and solar cells because of their excellent optoelectronic properties and
low light-scattering intensity [1–5]. In particular, transparent displays with thin films
containing dispersed nanophosphor attracted much attention in the context of
next-generation displays [6]. Such transparent displays have been demonstrated mainly
in the field of organic light-emitting devices [7]. In addition, stable low-scattering
suspensions of inorganic phosphors in organic solvents have to be developed to improve
the durability of flexible and transparent displays [8, 9]. However, almost all inorganic
phosphors with high luminescence efficiency contain micron-sized particles, which
have strong scattering characteristics. The desired insignificant scattering can be
obtained for particles smaller than 50 nm [10]. Therefore, nano-sized inorganic
phosphors are required for the fabrication of flexible and transparent displays. However,
such nanophosphors agglomerate easily in organic solvents. Therefore, the fabrication
of stable suspensions of nanophosphors is required.
Several wet chemical methods have been reported for the preparation of
nanophosphors, such as the hydrothermal method [11], polymerized complex method
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[12], sol-gel method [13], and others. These methods offer several advantages, such as
homogeneity, phase purity, and narrow size distribution. However, these methods
require a special reactor and special precursor materials to achieve complete dissolution
in solvent solutions. In addition, methods for the synthesis of clear suspensions of
nanophosphors have not been well established until now [14].
Red-emissive phosphors with Eu3+ have been widely used in color televisions,
lamp. It is important to develop highly efficient phosphors with a high doping
concentration (high absorption), because the excitation energy (blue or near UV light) in
the conventional white LED is smaller than that of the fluorescent palm, PDP, and CRTs.
KEu(MoO4)2 is one of the good candidate, because the lattice sites occupied by Eu are
separated from each other by the K and MoO4 layers, and a high luminescence
efficiency is achieved even when all sits are occupied by activator ions (Eu). Such
phosphors are called stoichiometric phosphor. The luminescence spectra of Eu3+,
however, have strong dependence on the concentration in the host lattice. This is
because at higher concentrations, the higher emitting levels, 5D1 of Eu3+ transfer its
energies to neighboring ions of the same specie by the following cross-relaxations; that
is:
5

D1(Eu3+) +7F0(Eu3+) → 5D0(Eu3+) +7F6(Eu3+).

The emission, therefore, is often quenched by doping rare earth ions over an critical
concentration―this phenomena is called concentration quenching.
The HEu(MoO4)2 nanoscrolls obtained from red-emissive KEu(MoO4)2 phosphor
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via ion-exchange for preparing nanophosphors, in chapter 2, shows good luminescence
property. In this chapter, we attempted to suppress the concentration quenching and to
further enhance the emission efficiency of HEu(MoO4)2 nanoscrolls, by the substituting
Eu3+ ions in HEu(MoO4)2 by smaller Gd3+ ions part of the Eu3+ ions in the HEu(MoO4)2
lattice were substituted by smaller Gd3+ ions. The morphological and luminescence
properties of of HEu1-xGdx(MoO4)2 were investigated.
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3.2 Experimental
3.2.1 Synthesis of materials
KEu1-xGdx(MoO4)2 (0.00 ≤ x ≤ 1.00) were synthesized by a conventional
solid-state reaction method. K2CO3 (purity 99.95 %; Kanto Chemical Co. Inc.), Gd2O3
(purity 99.99 %; Shinetsu Chemical Co. Inc.), Eu2O3 (purity 99.99 %; Shinetsu
Chemical Co. Inc.), and MoO3 (purity 99.99 %; Kojundo Chemical Co. Inc.) were
mixed using a mortar and pestle with acetone; the mixture was then calcined at 700 °C
for 6 h in air. HEu1-xGdx(MoO4)2 samples were obtained by the H+ exchange of
KEu1-xGdx(MoO4)2 in HNO3 solution (0.01 M, 100 mL) at room temperature for 7 days.
The acid solution was refreshed once several days to complete H+ exchange. After
stirring, the solutions were isolated by suction filtration using a membrane filter
(ADVANTEC MFS, INC., mixed cellulose ester, pore size: 0.45 μm, diameter: 47 mm).
The samples were washed with deionized water at room temperature for 24 h and then
dried at 50 ºC for 24 h. The obtained HEu1-xGdx(MoO4)2 powder samples were
redispersed in deionized water.
3.2.2 Materials characterization
The obtained samples were characterized by X-ray powder diffraction (XRD;
Mac Science Ltd., MX-Labo) to identify the crystal structure and the sample
composition was analyzed by X-ray fluorescence analysis (XRF; Seiko Instruments Inc.,
SEA 1200VX). Morphology of the samples was characterized by means of scanning
electron microscopy (SEM; Hitachi Ltd., S-4300SD). The emission (PL) and excitation
(PLE) spectra were measured at room temperature with a spectrofluorometer (Jasco
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Corp., FP-6500/6600), where the emission spectra were obtained for excitation at 306
nm, and excitation spectra were obtained for emission at 612 nm
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3.3 Result and discussion
The XRD patterns of the KGdxTb1-x(MoO4)2 (0.00 ≤ x ≤ 1.00) phosphors are
shown in Fig. 3.1 The standard XRD pattern of KGd(MoO4)2 obtained from the
inorganic crystal structure database (ICSD #6138) is also shown in Fig. 4.2 as a
reference. The diffraction patterns were in good agreement with that of triclinic
α-KEu(MoO4)2 type structure with the space group of P-1; diffraction peaks due to
impurities corresponding to the starting materials were not observed in the patterns.

Fig. 3.1 The XRD pattern of KEux-1Gdx(MoO4)2 (0.00 ≤ x ≤ 1.00)
synthesized by the solid state reaction method at 700 ºC for 6 h in air.
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Fig. 3.2 Excitation (broken line) and emission (solid line) spectra at room
temperature of KEu1-xGdx(MoO4)2 (x = 0.00 ((a), black line) and x = 0.50
((b), red line)) phosphors synthesized by the solid state reaction method at
700 ºC for 6 h in air.

Fig.

3.2

shows

excitation

and

emission

spectra

of

the

precursor

KEu1-xGdx(MoO4)2 (x = 0.00 and 0.50) phosphors. The excitation spectra of all samples
consisted of a strong broad band in the range from 220 to 350 nm, corresponding to the
charge-transfer (CT) transition of O2−−Mo6+. Some strong narrow peaks are observed
between 360 and 500 nm and are attributed to the 4f−4f transitions of the Eu3+ ion. On
the other hand, the CT band of Eu3+‒O2- is not clearly observed in the excitation
spectra, possibly due to the overlap of the CT band with that of the molybdate group [15,
17–19]. In the emission spectra, all peaks corresponded to the Eu3+ 4f–4f transition. The
emission peak intensity corresponding to the 5D0‒7F2 electric dipole transition at 614
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nm is higher than that of the 5D0‒7F1 magnetic dipole transition at 592 nm, suggesting
that the Eu3+ ions occupy sites in the KEu(MoO4)2 lattice without inversion symmetry.
The ratio I614nm(5D0‒7F2)/I592nm(5D0‒7F1) of KEu(MoO4)2 (12.5) decreased upon Gd3+
doping and was 10.8 in case of KEu0.50Gd0.50(MoO4)2. This result indicates that the
symmetry of the Eu3+ site in the KEu1-xGdx(MoO4)2 lattice was higher than that of the
sample without the Gd3+ doping. It is well known that the 5D0‒7F2 electric dipole
transition of Eu3+ is sensitively affected by the change of the site symmetry in the host
lattice. The peak intensity corresponding to the 5D0‒7F1 transition is relatively higher
than that of the 5D0‒7F2 transition when Eu3+ is located at a site having high symmetry
(inversion symmetry site) in the host lattice, such as in case of Ba2GdNbO5:Eu3+,
NaLuO2:Eu3+, and InBO3:Eu3+ phosphors [20]. Concerning the presently studied
KEu1-xGdx(MoO4)2, since the ionic radius of Gd3+ (0.1193 nm for 8-fold coordination
[21]) is smaller than that of Eu3+ (0.1206 nm for 8-fold coordination [21]), a lattice
distortion is induced by doping of Gd3+ at the Eu3+ site of KEu(MoO4)2, which leads to
a change of the local environment and symmetry of the Eu3+ site in the crystal lattice.
On the contrary, the emission intensity of KEu(MoO4)2 was effectively enhanced by
doping of Gd3+ into the host lattice. This can be explained by the suppression of the
concentration quenching on decreasing Eu3+ concentration in KEu1-xGdx(MoO4)2.
Fig. 3.3 shows the compositional dependence of the emission intensity excited at
309 nm of KEu1-xGdx(MoO4)2 (0.00 ≤ x ≤ 1.00). The emission intensity initially
increases with increasing amount of Gd3+ and reaches a maximum at x = 0.50. However,
the emission intensity decreases on further increasing Gd3+ content beyond the optimum
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concentration, which is attributed to the decrease of the Eu3+ concentration. To
synthesize nanophosphors, the obtained KEu1-xGdx(MoO4)2 phosphors were stirred in
HNO3 solution at room temperature. However, the KEu1-xGdx(MoO4)2 powders were
completely dissolved in highly concentrated HNO3 solution above 0.05 M during the
stirring process. In contrast, for the samples stirred in 0.01 M aqueous HNO3 solution
for 7 days, the K+ ions of the KEu1-xGdx(MoO4) phosphors were successfully exchanged
by H+ without particle dissolution. The composition of KEu1-xGdx(MoO4)2 before and
after H+ exchange was analyzed by XRF. The amount of K+ ions in the phosphors after
H+ exchange was reduced to about 30 % compared with the precursor materials
KEu1-xGdx(MoO4)2.

Fig. 3.3 Dependence of the emission intensity on the Gd3+ content in
KEu1-xGdx(MoO4)2 (0.00 ≤ x ≤ 1.00) phosphors
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Fig. 3.4 Excitation (broken line) and emission (solid line) spectra at room
temperature of (a) KEu0.50Gd0.50(MoO4)2 (K-form) and (b) dried
K0.3H0.7Eu0.50Gd0.50(MoO4)2 (H-form) powders prepared by stirring in 0.01 M
HNO3 solution for 7 days.

To compare the photoluminescence property of K0.3H0.7Eu1-xGdx(MoO4)2
(H-form) with that of KEu1-xGdx(MoO4)2 (K-form), the H+-form powders were washed
with deionized water at room temperature for 24 h and then dried at 50ºC for 24 h. Fig.
3.4 shows excitation and emission spectra of dried K-form and H-form powders. The
behavior observed in the excitation and emission spectra of all H+-form powders was
similar. The highest emission intensity was obtained for the H+-form with x = 0.50.
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Fig. 3.5 Dependence of the emission intensity on the Gd3+ content of
dried K0.3H0.7Eu1-xGdx(MoO4)2 (0.00 ≤ x ≤ 1.00) phosphor powders
prepared by stirring in 0.01 M HNO3 solution for 7 days.
The peak wavelength of the CT bands of these phosphors depends on the
excitation energy for electron transfer from O2− to Mo6+. Since the electronegativity of
H+ (2.1) is larger than that of K+ (0.8), the electronic attractive force between O2− and
Mo6+ is increased by H+ exchange which, in turn, is causative for the increase of the
excitation energy for the electron transfer from O2− to Mo6+. As a result, the excitation
absorption band corresponding to the CT transition of O2−−Mo6+ is shifted toward
shorter wavelength by H+ exchange. In addition, the peak intensity of the CT transition
of O2−−Mo6+ decreased in comparison with that of the K+-form. This is probably
because H2O persisted in the interlayers as a result of using dilute acid.
Fig. 3.6 shows the compositional dependence of the luminescence intensity
excited at 309 nm of K0.30H0.70Eu1-xGdx(MoO4)2 (0.00 ≤ x ≤ 1.00). Similar to the results
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obtained for the K+-form samples that are shown in Fig. 3.3, the emission intensity was
effectively enhanced by doping of Gd3+ into the K0.3H0.7Eu(MoO4)2 lattice and the
highest emission intensity was obtained for K0.30H0.70Eu0.50Gd0.50(MoO4)2.
Fig. 3.6 shows SEM images of dried K+-form and H+-form powders. The K+-form
powder has a granular particle morphology with average particle size of 10 μm. In
contrast, although a small amount of granular particles remained, the dried H+-form
powders have rod-like particle morphology with 1‒15 μm in length and outer diameters
in the range of 50‒500 nm. The morphology an size were similar to those of
HEu(MoO4)2 derived from triclinic KEu(MoO4)2 phosphor with the same crystal
structure, indicating the particle size and morphology of KGd1-xTbx(MoO4)2 phosphors
were successfully changed by H+ exchange at the K+ sites and obtained H-form
nanoscrolls. Although the mechanism of the particle-morphology change remains
unexplained in detail, it is possible to consider exfoliation of the Eu1-xGdx(MoO4)n
layers by the substitution of K+ by H+ ions, which may has contributed to the change of
the particle morphology. In addition, the rod-like particles formed larger aggregates, like
fascicles of fibers. The dispersion of nanophosphors in solution is of high significance
for their use in transparent displays. Fig. 3.6 (c) shows a SEM image of H+-form powder
redispersed in deionized water. A corresponding photograph of the suspension after 1 h
is also shown in Fig 3.6. The concentration of the H+-form powders were adjusted to 1.0
× 10-3 mol/dm3. The Tyndall effect was confirmed by the scattering of a laser beam in
the colloidal nanophosphor solution, suggesting that the H+-form nanophosphors were
fully suspended in deionized water without precipitation. From Fig. 7(b) and (c), the
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aggregation of H+-form nanophosphor particles was significantly reduced by the
redispersion in deionized water and, as a result, the particles formed small units. These
results suggest that K0.3H0.7Eu0.50Gd0.50(MoO4)2 might be used as a nanophosphor for
transparent displays.
Fig. 3.7 exhibits the excitation and emission spectra of the suspension
re-dispersed dried H-form nanoscrolls into deionized water. The concentration of the
H-form phosphor powder is 1.0 × 10-3 mol/dm-3. The solution shows green emission,
corresponding to the 4f-4f transition of Tb3+ ion under UV light of 254 nm, as shown in
inset photograph of Fig. 4.11. Although the peak intensity of excitation and emission
spectra of the phosphor solution was lower than that of the phosphor powder, similar to
the results obtained for the dried powder of K0.4H0.6Gd0.50Tb0.50(MoO4)2 nanoscroll
phosphor.

Fig.

3.4

shows

the

excitation

and

emission

spectra

of

the

HEu0.50Gd0.50(MoO4)2 nanophosphor solution, in which the concentration of the
HEu0.50Gd0.50(MoO4)2 phosphor powder was adjusted to 1.01 ×10-2 mol/dm3. Although
the peak intensity of excitation and emission spectra of the phosphor solution was lower
than that of the powdered phosphor, similar to the results obtained for the
HEu0.50Gd0.50(MoO4)2 phosphor powder. The excitation spectrum consists of two broad
band, corresponding to charge transfer (CT) transitions of O2−−Mo6+, respectively.
Several strong narrow peaks were attributed to the 4f‒4f transitions of Eu3+.
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Fig. 3.6 SEM images of dried (a) KEu0.50Gd0.50(MoO4)2 (K+-form) and (b)
K0.3H0.7Eu0.50Gd0.50(MoO4) (H+-form) powders and (c) H+-form particles
redispersed in deionized water (pH = 7) and corresponding photograph of
the clear colloidal solution (the concentration of H+-form powder was 1.0
× 10-3 mol/dm3).
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Fig. 3.7 Excitation spectra of (a) H+-form dried powders and (b) the clear
solution re-dispersed H+-form nanophosphor. The excitation spectra were
normalized in such way that the maximum intensity of the excitation
spectrum is 1.
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3.4 Summary
HEu1-xGdx(MoO4)2 nanoscrolls were synthesized by one-step ion exchange
achieved by stirring red-emissive KEu1-xGdx(MoO4)2 phosphors in 0.01 M aqueous
HNO3 solution at room temperature for 7 days. The obtained K0.3H0.7Eu1-xGdx(MoO4)2
nanophoscrolls have rod-like particle morphology with 0.5‒15 μm in length and outer
diameters in the range of 50 ‒ 500 nm. The emission intensity of these phosphors was
effectively enhanced by Gd3+ doping and the highest emission intensity was obtained
for the samples with x = 0.50, both for KEu1-xGdx(MoO4)2 and K0.3H0.7Eu1-xGdx(MoO4)2
phosphors. We succeeded in improvement of the emission intensity of HEu(MoO4)2
nanoscroll by substituting Eu3+ with Gd3+ and suppression of concentration quenching.
The aggregated dried nanoscroll powders could be redispersed in deionized water. Thus,
it is expected that these phosphors can be applied as a transparent display material.
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Chapter 4

Synthesis

and

HGdxTb1-x(MoO4)2

luminescence

property

(0.00≤x≤1.00)

of

nanoscrolls

green-emissive
phosphor

by

soft-chemical H+ exchange method

4.1 Introduction
Rare-earth doped compounds have been widely investigated because of their
versatile application, including magnetic material [1], catalyst [2], solid electrolyte [3],
phosphor [4], and so on. Among them, rare—earth doped phosphors for applications in
photonic devices have attracted much attention due to the specific luminescence
attributed to their f—f emission. Phosphors are commonly used in fluorescent lamps
and luminescent displays [5] and are promising materials for applications in lasers [6]
and X-ray imaging [7]. Nanophosphors improve the resolution of displays [8] and have
promising applications as bioimaging probes [9], because of their transparency. The
inorganic nanophosphors have advantage of photostability (no blinking or fading) and
biocompatibility [10] over traditionally used organic dyes and semiconducting
nanoparticles. Organic fluorescent dyes photobleach during bioimaging while
semiconducting nanoparticles exhibit optical blinking [11]; they have toxic
consequences [12]. Dispersible nanophosphors facilitate their employment in
nanocomposite materials, such as thin films in flexible displays [5].
Tb3+-doped nanomaterial have been widely used as green emitting phosphors due
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to their intense 5D4→7F5 emission in the green spectral region. Previous investigations
have showed that Tb3+-doped aluminates or phosphates exhibit relatively strong
absorption in the near-UV region and intense green emission with good color purity
[13-22].
Molybdates have been known to be important optical materials, because its
central Mo metal ion is coordinated by four O2− ions in tetrahedral symmetry (Td),
which makes MoO42− is relatively stable and a good potential host material [23-29].
Tb3+-doped KGd(MoO4)2 forming α-KEu(MoO4)2-type structure with the space group
of P-1, to our knowledge, have been not reported, despite their layered structure which
suppresses concentration quenching; A few report of their structural, optical-absorption
and vibrational properties have been reported [30-32].
In this chapter, we attempted to synthesized triclinic KGdxTb1-x(MoO4)2 (0.00 ≤ x
≤ 1.00) forming α-KEu(MoO4)2-type structure with the space group of P-1 by the
substituting Gd3+ ions in KGd(MoO4)2 by smaller Tb3+ ions and investigated their
luminescence property. In addition, the morphological and luminescence properties of
HGdxTb1-x(MoO4)2 (0.00 ≤ x ≤ 1.00) nanoscrolls obtained by H+-exchange method were
investigated.
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4.2 Experimental

4.2.1 Synthesis of materials
KGdx-1Tbx(MoO4)2 (0.00 ≤ x ≤ 1.00) were synthesized by a conventional
solid-state reaction (SSR) method. K2CO3 (purity 99.95 %; Kanto Chemical Co. Inc.),
Gd2O3 (purity 99.99 %; Shinetsu Chemical Co. Inc.), Tb4O7 (purity 99.95 %; Kanto
Chemical Co. Inc.), and MoO3 (purity 99.99 %; Kojundo Chemical Co. Inc.) were
mixed using a mortar and pestle with acetone; the mixture was then calcined at 600 °C
for 6 h in air. HGd1-xTbx(MoO4)2 samples were obtained by the H+ exchange of
KGd1-xTbx(MoO4)2 in HNO3 solution (0.01 M, 100 mL) at room temperature for 7 days.
The acid solution was refreshed once several days to complete H+ exchange. After
stirring, the solutions were isolated by suction filtration using a membrane filter
(ADVANTEC MFS, INC., mixed cellulose ester, pore size: 0.45 μm, diameter: 47 mm).
The samples were washed with deionized water at room temperature for 24 h and then
dried at 50 ºC for 24 h. The obtained HGd1-xTbx(MoO4)2 powder samples were
redispersed in deionized water.

4.2.2 Materials characterization
The obtained samples were characterized by X-ray powder diffraction (XRD;
Mac Science Ltd., MX-Labo) to identify the crystal structure and the sample
composition was analyzed by X-ray fluorescence analysis (XRF; Seiko Instruments Inc.,
SEA 1200VX). Morphology of the samples was characterized by means of scanning
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electron microscopy (SEM; Hitachi Ltd., S-4300SD). The emission (PL) and excitation
(PLE) spectra were measured at room temperature with a spectrofluorometer (Jasco
Corp., FP-6500/6600), where the emission spectra were obtained for excitation at 288
nm, and excitation spectra were obtained for emission at 548 nm
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4.3 Result and discussion
The XRD patterns of the KGdxTb1-x(MoO4)2 (0.00 ≤ x ≤ 1.00)

phosphors

obtained by the SSR method at 600℃ for 6 h are shown in Fig. 4.1. The standard XRD
pattern of KGd(MoO4)2 obtained from the inorganic crystal structure database (ICSD
#6138) is also shown in Fig. 4.1 as a reference. The diffraction patterns were in good
agreement with that of triclinic α-KEu(MoO4)2 type structure with the space group of
P-1; no diffraction peak corresponding to any impurity in the patterns was observed. A
peak shift to higher angle in diffraction angle around 30 degree was observed with an
increase in the Tb3+ content in the KGd(MoO4)2 lattice. This result indicates that Tb3+
ions successfully substituted the Gd3+ sites in the host lattice to form solid solutions,
because the ionic radius of Gd3+ (0.1040 nm for eight coordination) [33] is smaller than
that of Tb3+ (0.1053 for eight coordination) [33].

Fig. 4.1 The XRD pattern of KGdx-1Tbx(MoO4)2 (0.00 ≤ x ≤ 1.00)
synthesized by the solid state reaction method at 600 ºC for 6 h in air.
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Fig. 4.2 shows excitation and emission spectra monitored at room temperature of
the precursor green-emissive KGd0.50Gd0.50(MoO4)2 phosphors obtained by the SSR
method at 600℃ for 6 h. The excitation spectra of all samples monitored at 548 nm
consisted of a strong broad band in the range from 220 to 350 nm with a maximum at
about 288, corresponding to the charge-transfer (CT) transition of O2−−Mo6+ [34-36].
Some strong narrow peaks are observed between 350 and 500 nm and are attributed to
the 4f−4f transitions of the Tb3+ ion. The emission spectra of the Tb3+ ions at 544 nm
(5D4-7F5), 587nm (5D4-7F4) and 612 nm (5D4-7F3) were observed, corresponding 4f-4f
transitions of Tb3+ ions and the all sample show green emission under UV-light
excitation of 306 nm.

Fig. 4.2 The excitation (broken line) and emission spectra (solid line) at room
temperature of KGd0.50Tb0.50(MoO4)2 synthesized by the solid state reaction
method at 600 ºC for 6 h in air.
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Fig. 4.3 The dependence of the emission intensity at 548 nm excited at
288 nm on the Tb3+ content in KGd1-xTbx(MoO4)2 (0.00 ≤ x ≤ 1.00)
phosphors.
The luminescence spectrum of Tb3+, as well as that of Eu3+, strongly depends on
the concentration in the host lattice. This is because at higher concentrations, the higher
emitting levels, 5D3 of Tb3+ transfer its energies to neighboring ions of the same specie
by the following cross-relaxations; that is 5D3(Tb3+)+7F6(Tb3+) → 5D4(Tb3+)+7F0(Tb3+).
Therefore, Tb3+ also exhibits concentration-quenching phenomena. Fig. 4.3 shows the
compositional dependence of the emission intensity excited at 288 nm of
KGd1-xTbx(MoO4)2 (0.00 ≤ x ≤ 1.00). The emission intensity initially increases with
increasing amount of Tb3+ and reaches a maximum at x = 0.50. However, the emission
intensity decreases on further increasing Tb3+ content beyond the optimum
concentration, which is attributed to the decrease of the Tb3+ concentration. This value
is higher than other Tb3+-doped phosphors. This result indicates that the phosphors
possess a high critical value of Tb3+ quenching concentration.
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Fig. 4.4 The schematic representation of the percolation model.

The theoretical value of the optimum concentration in this compound is
determined by a percolation model [37-39]. The percolation model has been used for
describing the behaviors of many dilute physical systems. In the present study, the
percolation model can be applied to the given compound based on two assumptions: (1)
The interaction among Tb3+ ions occurs only among the nearest—neighbor sites in
rare—earth sublattice and (2) The concentration quenching is due to the energy transfer
from percolating clusters of the Tb3+ ions to killer centers. The the MoO4—GdO8 layer
structure of the KGd1-xTbx(MoO4)2 has a quasi—two—dimensional sublattice. In such a
case, the optimum concentration is considered to be only dependent of the distance
between the rare—earth ions. Fig. 4.4 shows a schematic representation of the
percolation model. The filled circles in the lattice describe Tb3+ ions. When the Tb3+
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concentration is below the circle concentration, the Tb3+ ions exist in small cluster and
emit individually. On the other hand, over the percolation threshold Pc, the cluster is
connected with the other clusters. The percolating cluster increases the probability of
contact with the killer centers, such as unknown defects or very small amounts of
impurities. Vyssotsky et al. has reported an approximate expression of optimum
concentration for the percolation model [37]:

z*Pc = d/(d—1)

where z is the coordination number (the number of nearest—neighbor sites) of emission
center, Pc the optimum concentration and d the number of dimensionality of the
percolation lattice. The number of nearest Tb3+ sites z is 3 for the KGd1-xTbx(MoO4)2, as
shown in Fig. 4.5 . The calculated value Pc, the optimum Tb3+ concentration in the

Fig. 4.5 The crystal structure of (a) the layered molybdate, triclinic
KGd(MoO4)2 with triclinic α-KEu(MoO4)2 structure having the space group
of P-1 and (b) the GdO8 layer.
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KGd1-xTbx(MoO4)2 lattice is 0.67. The experimental date, however, was 0.50,
disagreeing with the calculated value. This is, probably, because Tb4+, non-luminous
center ion, might remain in the host lattice; The raw material Tb4O7 contains bonth Tb3+
and Tb4+.
To synthesize nanophosphors, the obtained KGd1-xTbx(MoO4)2 phosphors were
stirred in HNO3 solution at room temperature. The composition of KGd1-xTbx(MoO4)2
before and after H+ exchange was analyzed by XRF. From XRF result, all
KGd1-xTbx(MoO4)2 retains the ratio of Gd, Tb, and Mo after H+ exchange, suggesting
the framework of KGd1-xTbx(MoO4)2 precursor structure ware preserved. Fig. 4.6 shows
the amount of remaining K+ ions in the phosphors after H+ exchange procedure. No H+
exchange in the precursor with high concentration of Tb3+ (0.80 ≤ x ≤ 1.00) occurred. It
is because surplus positive charge caused from remaining Tb4+ in the host lattice
prevents H+/H3O+ from inversion into interlayers and exchange K+ ions.
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Fig. 4.6 The dependence of the amount of reduced K+ in HGd1-xTbx(MoO4)2
(0.00 ≤ x ≤ 1.00) phosphors after H+-exchange procedure.

Fig. 4.7 Dependence of the emission intensity on the Tb3+ content in
HGd1-xTbx(MoO4)2 (0.00 ≤ x ≤ 1.00) phosphors.
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Fig. 4.8 Excitation (broken line) and emission (solid line) spectra at room
temperature of (a) KGd0.50Tb0.50(MoO4)2 (K-form) and (b) dried
K0.4H0.6Gd0.50Tb0.50(MoO4)2 (H-form) powders prepared by stirring in 0.01 M
HNO3 solution for 7 days.

Fig. 4.7 shows the compositional dependence of the luminescence intensity
excited at 288 nm of K0.40H0.60Gd1-xTbx(MoO4)2 (0.00 ≤ x ≤ 1.00) after H+ exchange
procedure. The emission intensity decreased with increasing the ratio of H+ exchange.
To compare the photoluminescence property of K0.4H0.6Gd1-xTbx(MoO4)2 (H-form) with
that of KGd1-xTbx(MoO4)2 (K-form), the H-form powders were washed with deionized
water at room temperature for 24 h and then dried at 50 ºC for 24 h. Fig. 4.8 shows
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excitation and emission spectra of K-form and dried H-form powders. The behavior
observed in the excitation and emission spectra of H+-form powders ranging from
x=0.40 to x=0.60 in K0.4H0.6Gd1-xTbx(MoO4)2 was similar. It's noteworthy that the
optimal concentration changes to x=0.20 after H+ exchange in the same proton
exchange ratio. It’s probably because the coordination number (the number of
nearest—neighbor sites) of emission center and the Tb3+ ‒ Tb3+ nearest-neighbor
distance change by the transformation into nanoscroll (shown in Fig. 4.9), resulting in
change of environment of Tb3+. The characteristic of excitation and emission spectra of
H-form retains to that of K-form, although the emission intensity of H-form is lower
than that of K-form.
Fig.

4.9

shows

SEM

images

of

KGd0.50Tb0.50(MoO4)2

and

dried

K0.4H0.6Gd0.50Tb0.50(MoO4)2 powders. The K-form powder has a granular particle
morphology with average particle size of 3 μm. In contrast, although a small amount of
granular particles remained, the dried H-form powders have bundled rod-like particle
morphology with 1‒15 μm in length and outer diameters in the range of 50‒500 nm.
The morphology an size were similar to those of HEu(MoO4)2 derived from triclinic
KEu(MoO4)2 phosphor with the same crystal structure, indicating the particle size and
morphology of KGd1-xTbx(MoO4)2 phosphors were successfully changed by H+
exchange at the K+ sites and obtained H-form nanoscrolls.
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Fig. 4.9 SEM images of (a) KEu0.50Gd0.50(MoO4)2 (K+-form) and (b) dried
K0.4H0.6Eu0.50Gd0.50(MoO4) (H+-form) powders prepared by stirring in 0.01 M
HNO3 solution for 7 days.
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Fig.
4.10
Photograph
of
the
suspension
re-dispersed
dried
K0.4H0.6Gd0.50Tb0.50(MoO4)2 nanoscrolls into deionized water after 1 h (The
concentration of the H-form powder was adjusted to 1.0 × 10-3 mol/dm-3) and
their Tyndall effect.

Fig. 4.10 shows the photograph of the suspension re-dispersed dried
K0.4H0.6Gd0.50Tb0.50(MoO4)2 (H-form) nanoscrolls into deionized water after 1 h. The
concentration of the H+-form powder was adjusted to 1.0 × 10-3 mol/dm-3. The Tyndall
effect was confirmed by the scattering of a laser beam in the colloidal nanophosphor
solution, suggesting that the H-form nanophosphors were fully suspended in deionized
water without precipitation. Fig. 4.11 exhibits the excitation and emission spectra of the
suspension re-dispersed dried H-form nanoscrolls into deionized water. The
concentration of the H-form phosphor powder is 1.0 × 10-3 mol/dm3. The solution shows
green emission, corresponding to the 4f-4f transition of Tb3+ ion under UV light of 254
nm, as shown in inset photograph of Fig. 4.11. Although the peak intensity of excitation
and emission spectra of the phosphor solution was lower than that of the phosphor
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powder,

similar

to

the

results

obtained

for

the

dried

powder

K0.4H0.6Gd0.50Tb0.50(MoO4)2 nanoscroll phosphor.

Fig. 4.10 Excitation (broken line) and emission (solid line) spectra of the
suspension re-dispersed dried K0.4H0.6Gd0.50Tb0.50(MoO4)2 nanoscrolls into
deionized water after 1 h. Concentration of the H+-form powder in the solution:
1.0 × 10-3 mol/dm3. The inset photograph shows green emission luminescence
of K0.4H0.6Gd0.50Tb0.50(MoO4)2 solution illuminated by a UV light of 254 nm.
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4.4 Summary
Green-emissive HGd1-xTbx(MoO4)2 (0.20 ≤ x ≤ 0.70) nanoscroll phosphors were
synthesized by one-step ion exchange achieved by stirring KGd1-xEux(MoO4)2 (0.20 ≤ x
≤ 0.70) phosphors in 0.01 M aqueous HNO3 solution at room temperature for 7 days.
The

obtained

K0.4H0.6Gd1-xTbx(MoO4)2

nanophosphors

have

rod-like

particle

morphology with 0.5‒15 μm in length and outer diameters in the range of 50 ‒ 500 nm.
The highest emission intensity was obtained for the samples with x = 0.50, both for
KEu1-xGdx(MoO4)2. After H+ exchange, the optimal concentration change to x= 0.20.
The excitation and emission of dried K0.3H0.7Eu1-xGdx(MoO4)2 powder and the
nanoscroll solution results similar to that of K-form powder. The dried nanophosphor
powders could be redispersed in deionized water. These results suggest that
K0.4H0.6Eu0.50Gd0.50(MoO4)2 is expected to be used as a nanophosphor for transparent
thin film.
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Chapter 5

Synthesis of HLn (MoO4)2 (Ln=Pr, Nd, Sm, Eu) nanoscroll derived
from RbLn(MoO4)2 with orthorhombic KY(MoO4)2 type structure

4.5 Introduction
The RbLn(MoO4)2 have been of considerable interest from the crystal chemistry
point of view, and the formation of RbLn(MoO4)2 phase with various structures have
been reported [1, 2]. Nevertheless, the application and chemical and physical properties
of the RbLn(MoO4)2 compounds are poorly investigated; the detail structural
information and vibrational properties have been reported in a few investigate [3-6].
There, especially, are no reports for particle-size controlling. Therefore, synthesis of
nanomatrial related to the RbLn(MoO4)2 phase is expected to achieve a new properties
and application such as nano laser, nano magnetic material, and catalyst.
In this chapter, we focused on RbLn(MoO4)2 phase with KY(MoO4)2 type
structure with the space group of Pbcn in order to synthesize nanoparticle related to
RbLn(MoO4)2 phase; the formation of the phase can be observed for Ln=Pr-Eu.
Therefore, it is expected to be synthesized HLn(MoO4)2 nanoscroll derived from them
by H+ exchange method. The structural and morphological of the nanoscrolls were
evaluated.
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5.2 Experimental
5.2.1 Synthesis of materials
Precursor powders RbLn(MoO4)2 (Ln=Pr, Nd, Sm), in previous study, were
synthesized by conventional solid state (SSR) synthesis method, using a stoichiometric
ratio mixture of Rb2CO3 (purity 97%; Wako Pure Chemical Industies, Ltd.), Pr6O11
(purity 99.99%; Kojundo Chemical Co. Inc.), Nd2O3 (purity 99.99%; Kanto Chemical
Co. Inc.), and Sm2O3 (purity 99.99%; Kanto Chemical Co. Inc.), and MoO3 (purity
99.99%; Kojundo Chemical Co. Inc.) as starting materials [3, 4]. The multistage method
with a step-by-step temperature increase is optimal for complex molybdates synthesis.
Initially, rubidium and neodymium molybdates were prepared by the SSR method. Heat
treatment of stoichiometric mixtures was started at T=450℃ and followed by a
step-wise temperature increasing up to T=600℃ (Rb2MoO4) and 800℃ (Pr2(MoO4)3,
Nd2(MoO4)3 and Sm2(MoO4)3). The phase purity of intermediate products Rb2MoO4
and Pr2(MoO4)3, Nd2(MoO4)3, and Sm2(MoO4)3 was evaluated by powder XRD
analysis. The XRD patterns were compared to the available structural characteristics of
the molybdates obtained from ICSD. The powder mixture of the compounds in
stoichiometric ratio was being preheated at T= 550℃ for about 24 h and then annealed
at T=600℃ for 24 h to yield the RbPr(MoO4)2, RbNd(MoO4)2, and RbSm(MoO4)2
composition. RbEu(MoO4)2 was synthesized by the same way as chapter 2.
HPr(MoO4)2, HNd(MoO4)2, HSm(MoO4)2, HEu(MoO4)2, powders were obtained
by stirring of RbNd(MoO4)2, RbNd(MoO4)2, RbSm(MoO4)2, RbEu(MoO4)2 (0.5 g) in
0.01 M aqueous HNO3 solution (100 mL) at room temperature for 7 days, respectively,
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in order to exchange alkali metal ions to proton. The acid solution was refreshed once
several days to complete H+ exchange. After stirring, the solution was isolated suction
filtration with membrane filter (ADVANTEC MFS, INC., mixed cellulose ester, pore
size: 0.45μm, diameter: 47 mm). The sample was washed with deionized water for 24 h
and then dried at 50 °C for 24 h.
5.2.2 Materials characterization
The obtained samples were characterized by X-ray powder diffraction (XRD;
Mac Science Ltd., MX-Labo) to identify the crystal structure and the sample
composition was analyzed by X-ray fluorescence analysis (XRF; Seiko Instruments Inc.,
SEA 1200VX). Morphology of the samples was characterized by means of scanning
electron microscopy (SEM; Hitachi Ltd., S-4300SD).
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5.3 Result and discussion
To exchange Rb+ to H+ without dissolution of the precursors, the obtained
RbLn(MoO4)2 (Ln=Pr, Nd, Sm, Eu) were stirred in dilute HNO3 aqueous solution (0.01
M) at room temperature for 7 days. The Rb ions of the RbLn(MoO4)2 were successfully
exchanged by H+ without particle dissolution. The composition of RbLn(MoO4)2 before
and after H+ exchange was analyzed by XRF. The compositions are based on amount of
Mo. In all sample powder, the amount ratios of Mo and Eu maintain after H+ exchange
procedure. On the other hand, there was remarkable change of amount of alkali metal
ions. Fig. 5.1 shows the amount of Rb+ ions in the precursors before and after H+
exchange procedure. The ratio of remaining Rb+ in protonated powders of RbPr(MoO4)2,
RbNd(MoO4)2, RbSm(MoO4)2, and RbEu(MoO4)2 is 0.1, 0.0, 0.1 and, 0.1 %,
respectively. In all sample, the amount of alkali metal ions in the protonated powders

Fig. 5.1 XRF results of precursor powders synthesized by a conventional solid
state method and dried protonated powder obtained by H+-exchange method
using 0.01 M HNO3 for 7 d.
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was reduced less 0.1 %. This result indicates that Rb ion in RbPr(MoO4)2,
RbNd(MoO4)2, RbSm(MoO4)2, and RbEu(MoO4)2, respectively were completely
exchanged by H+, retaining their framework.
Fig. 5.2 shows the powder XRD patterns of the precursor RbLn(MoO4)2 powder
and HLn(MoO4)2 powder obtained by the H+ exchange of RbLn(MoO4)2. The precursor
powders of RbPr(MoO4)2, RbNd(MoO4)2, RbSm(MoO4)2, and RbEu(MoO4)2 are
described Pr-form, Nd-form, Sm-form, and Eu-form, respectively; the protonated
powders are described HPr-form, HNd-form, HSm-form, HEu-form, respectively. All
observed diffraction patterns of the precursor powder were well indexed the standard
XRD pattern of orthorhombic KY(MoO4)2-type structure with the space group of Pbcn;
the standard diffraction patterns were obtained from the inorganic crystal structure
database (ICSD). In contrast, the XRD patterns of protonated powders were completely
different from those of the precursor powders. This result indicates that the structures
changed by H+ exchange. All protonated powders have the new diffraction peaks which
are not detected in the precursor powders; the new peaks are situated the similar area in
all protonated powders. This result indicates that all protonated powders have similar
structure by H+ exchange. The peak below 10 degree in all protonated powders indicates
that the layered structure related to precursor powders is still maintained after H+
exchange and H+/H3O+ with positive charge as counter cations was probably
intercalated between MoO4-LnO8 layers with negative charge. In addition, this layered
structure of protonated HLn(MoO4)2 powders is also similar to that of HEu(MoO4)2
powders obtained from triclinic KEu(MoO4)2 with the space group of P-1 and
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monoclinic CsEu(MoO4)2 with the space group of P12/c1.

Fig. 5.2 the XRD patterns of (a) precursor RbPr(MoO4)2 (Pr-form) powder and
protonated (HPr-form) powder, (b) precursor RbNd(MoO4)2 (Nd-form) powder
and protonated (H-form) powder, (c) precursor RbSm(MoO4)2 (Sm-form)
powder and protonated (HSm-form) powder, and (d) precursor RbEu(MoO4)2
(Eu-form) powder and protonated (HEu-form) powder. All A-form (A=K, Rb,
Cs) powders were synthesized by a conventional solid state method. All dried
H-form powders were obtained by stirring in 0.01 M HNO3 at room
temperature for 7 d and drying.
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Fig. 5.3 the d-spacing of the smallest peak in the precursor and protonated
powders, indicating the interlayer distance. The broken line shows the average
d-spacing (1.036 nm) after H+ exchange.

The d-spacing of peaks at the smallest angle reflect the interlayer distances of
precursor powders with layered structure. Fig. 5.3 exhibits the value of d-spacing of the
smallest peak in the precursor and protonated powders. Although the d-spacing of the
smallest peak of precursor powders were different, those of protonated powders were
similar, indicating that all protonated powders form similar interlayer distance by H+
exchange regardless of that of precursors.
Fig. 5.4 shows the SEM images of the precursor RbLn(MoO4)2 powders and
HEu(MoO4)2 powder prepared by the H+ exchange of RbLn(MoO4)2. The particles of
precursor Pr-form, Nd-form, Sm-form and Eu-form have a granular particle
morphology; the particle sizes in all samples were over 10 μm. On the contrary, the
protonated powders show different result from the precursor powders. HPr-from,
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HNd-form, HSm-form and HEu-form have rod-like particle morphology. The rod-like
particles contained smaller rod-like particles and formed bundles. These results indicate
that the particle size and morphology of RbLn(MoO4)2 were successfully changed by
the H+-exchanging in the alkali metal site and the samples after H+-exchanging
maintain layered crystal structure. However, the length and width of HPr-from and
HNd-form are clearly different from those of HSm-form and HEu-form. The rod-like
particle in HPr-from and HNd-form 10 μm in average length, and most have outer
average diameters ranging from 560 to 580 nm, while rod-like particle in HSm-form
and HEu-form is less 20 μm in average length, and most have outer average diameters
ranging from 300 to 360 nm; the aspect ratio of length/width of HPr-from and
HNd-form, ranging from 17 to 18―is smaller than that of HSm-form and HEu-form
(55–67). This result suggested that the different of rare-earth ion in the LnO8 site cause
the difference of morphology and size. The difference might relate to basic
characteristics of rare-earth ions, such as electronegativity, and ion radius. However, the
detail has been revealed.
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Fig. 5.2 the SEM images of (a) precursor RbPr(MoO4)2 (Pr-form) powder and
protonated (HPr-form) powder, (b) precursor RbNd(MoO4)2 (Nd-form) powder
and protonated (H-form) powder, (c) precursor RbSm(MoO4)2 (Sm-form)
powder and protonated (HSm-form) powder, and (d) precursor RbEu(MoO4)2
(Eu-form) powder and protonated (HEu-form) powder. All A-form (A=K, Rb,
Cs) powders were synthesized by a conventional solid state method. All dried
H-form powders were obtained by stirring in 0.01 M HNO3 at room
temperature for 7 d and drying.
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5.4 Summary
HLn(MoO4)2 (Ln= Pr, Nd, Sm, Eu) rod-like particles were synthesized by
one-step ion exchange achieved by stirring orthorhombic RbLn(MoO4)2 (Ln= Pr, Nd,
Sm, Eu) with the space group of Pbcn in 0.01 M aqueous HNO3 solution at room
temperature for 7 days. The obtained HLn(MoO4)2 protonated have rod-like particle
morphology with 10-20 μm in length and outer diameters in the range of 300 ‒ 580 nm.
The aspect ratio of the rod-like particle of HLn(MoO4)2 (Ln= Pr, Nd) is smaller than
that of HLn(MoO4)2 (Ln= Eu, Sm), although the d-spacing is similar in all sample. By
using orthorhombic RbLn(MoO4)2 (Ln= Pr, Nd, Sm, Eu) with different rare-earth ions
as precursor, therefore, the protonated HLn(MoO4)2 powder with different size and
morphology and same structural property could be obtained. Bundled one-dimensional
nanoscrolls, HLn(MoO4)2 are expected as laser materials and so on.
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Chapter 6

Concluding remarks

Scroll-type oxide nanotube is a very rare material and its property is so limited.
Especially, there is no report on the molybdate-based nanoscroll with rare-earth ions. In
this study, we could obtain molybdate-based nanoscroll with rare-earth ions which
shows various functional properties by H+ exchange at room temperature without
organic compound and investigated its luminescence property under no organic
compound. In addition, several nanoascroll materials with luminescence property could
be obtained by design of crystal structure of the precursors. We could add a new page to
the history of protonated oxides and oxide nanoscrolls. The summary of results is
described as follows:

1. From chapter 2 to chapter 5, it is described that ALn(MoO4)2 (A= K, Rb, Cs, Ln= Pr,
Nd, Sm, Eu, Gd, Tb) with layered structure are successfully protonated in dilute acid at
room temperature and have faster proton exchange rate compared to other layered oxide
materials, such as K4Nb6O17, KCa2Nb3O10 and K2La2Ti3O10. The detail TEM
observation revealed that the transform of ALn(MoO4)2 into HLn(MoO4)2 nanoscroll
with the H+ exchange procedure. All crystal structure of the precursors, α-KEu(MoO4)2,
KY(MoO4)2, and RbLu(SO4)2, could be protonated and transformed into the nanoscroll.
This result suggests that the (Ln(MoO4)2)n layer is most important element for rolling up
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of layer.

2. In chapter 2, the luminescence property of red-emissive HEu(MoO4)2 nanoscroll and
the solution dispersed protonated powders were explained. The excitation spectra
obviously shift to higher wavelength, causing by environment of Mo6+ ― the
coordination number of Mo6+ change higher coordination number by H+ exchange and
morphological change. In addition, the solution dispersed protonated powders shows
both red emission and liquid crystallinity.

3. In chapter 3, the luminescence property of HEu(MoO4)2:Gd3+ was explained. By the
substitution Eu3+ with Gd3+ in the precursor crystal structure KEu(MoO4)2, the
concentration quenching of Eu3+ could be suppressed and the luminescence intensity of
HEu(MoO4)2 nanoscroll enhanced. The proton exchange ratio of KEu(MoO4)2:Gd3+ is
lower than that KEu(MoO4)2

4. From chapter 2 to chapter 4, the luminescence property of HLn(MoO4)2 nanoscroll
phosphor was described. The luminescence property is completely originated to pure
nanoscroll without organic compound.

5. In chapter 4, luminescence property of green-emissive HGd(MoO4)2:Tb3+ nanoscrolls
was described. It’s noteworthy that the optimal concentration changed after H+
exchange. In addition, in chapter 5, the structural and morphological properties of
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HLn(MoO4)2 (Ln= Pr, Nd, Sm, Eu) was described. The morphology of the nanoscroll
changes by change of rare-earth ions, suggesting that we can control morphology by
changing rare-earth ions in precursor materials. These results indicate that ALn(MoO4)2
with layered structure could broaden the area of application by change the alkali ion and
rare-earth ions.

As demonstrated above, the objectives of this this were achieved. A novel
nanoscroll material was successfully synthesized by H+ exchange without organic
compound. The materials were freshly included on a list of nanoscrolls as the first
example molybdate with rare-earth ions. In contrast, the properties of this material will
abundantly extend depending on design of the crystal structure of the precursor.
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