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Abstract Novel luminescent material has been prepared

by the reaction of Eu3+ and molybdate species in the matrix

of faujasite (FAU) type zeolite X and successive calcina-

tion. Eu3+ exchanged FAU was reacted with MoO3 in the

solid-state at 723 K, giving a precursor. By calcining it at

1073 K, different crystalline phases were derived depend-

ing on MoO3-loading levels. Scheelite type crystal of

NaEu(MoO4)2 was formed at high MoO3-loading levels,

whereas europium sodalite was formed at low loading

levels. For the former sample, X-ray diffraction analysis

and transmission electron microscopy revealed that the

nanosized NaEu(MoO4)2 was dispersed homogeneously

within amorphous aluminosilicate matrix originated from

FAU. The amorphous particles containing NaEu(MoO4)2

maintained the original morphology, which the starting

FAU particles possessed. The emission intensity of nano-

sized NaEu(MoO4)2 in the matrix was one order higher

than that of europium sodalite. The emission lifetime of

nanosized NaEu(MoO4)2 (0.39 ms) in the matrix was

longer than that of bulk NaEu(MoO4)2 (0.35 ms) fabricated

by conventional solid-state processes.

Introduction

Luminescent materials have been mainly applied for fluo-

rescent lamps, cathode-ray tubes, and X-ray detectors. Re-

cently, the materials have found further applications in the

field of light generation for displays and illumination such

as PDP, FED and white LED. [1] Luminescent materials for

these applications must generally have small particle size,

narrow particle size distribution, non-agglomeration and

uniformed shape [2]. These properties should lead to a high

screen density, low screen loading and high screen resolu-

tion. Therefore, the control of particle morphology is a

major research target these days to obtain luminescent

materials with improved performance [3].

The luminescent materials are generally inorganic solid-

state. In conventional solid-state processes, particle size

and shape cannot readily be controlled because high reac-

tion temperature and repeated milling processes result in

irregular morphology of the luminescent materials. For this

reason, there have been a number of attempts to synthesize

fine-grained variations of these materials and thin films by

a variety of different techniques such as, chemical vapor

deposition [4], combustion synthesis [5], and colloidal

reactions [6].

The nanosized luminescent particles in particular have

been attractive since the optical properties of nanocrystal-

line materials differ from those of their bulk counterparts

and can be influenced by the particle size [7–10]. However,

serious drawbacks of free standing nanosized luminescent

particles are their surface defects and marked ability to

adsorb moisture and carbon dioxide causing deactivation of
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excitation by energy transfer through vibrational excitation

[11]. The aggregation of nanosized particles should also

cause a problem in handling. To prevent quenching of the

luminescence and stabilize nanosized particle aggregation,

it is desirable to incorporate the nanosized luminescent

particles into optically inert and transparent medium as a

host.

From these points of view, we have paid special atten-

tion to zeolite as a host for designing nanosized lumines-

cent materials [12–14]. Zeolites are attractive hosts of

emitters due to the following reasons: (1) They possess the

ability to locate cations uniformly; (2) The cages having

unique spatial shapes enable guest species to be hosted

stably and separately; (3) They are highly transparent in the

UV and visible region; (4) The particle sizes are control-

lable [15–17] and (5) They possess uniform size and shape.

In addition, zeolites are ecological and inexpensive mate-

rials.

Rare earth ion-exchanged zeolites have been used as

catalysts in the cracking of hydrocarbons for many years.

Recently several attentions have been given to zeolites as

new luminescent materials [12–14, 18–29]. The studies

have been mainly focused on Eu3+ and Tb3+ exchanged

zeolites. Eu3+ exchanged zeolite however gave only low

quantum yields in its photoluminescence. It was pointed

out that the existence of adsorbed and/or coordinated water

to exchanged cations and silanol groups in the cages caused

deactivation of excitation by energy transfer through

vibrational excitation [30]. Therefore, in order to obtain

strong emission using zeolites as the host, elimination of

coordinating water molecules and silanol groups in their

cages is necessary. An effective way reported by Borg-

mann et al. is to use zeolites as a precursor for Eu3+ doped

aluminosilicate [22]. This method allowed the synthesis of

efficiently emitting europium sodalites from Eu3+ and

molybdate doped zeolite. This is attributed to the creation

of restricted Eu3+ environment and the reduction of OH

species in the material. Rocha et al. succeeded in observing

strong luminescence of Er3+-doped narsarsukite, which was

obtained from ETS-10 by a phase transition under calci-

nation at high temperatures above ca. 973 K [24]. Thus, the

approach using phase transition of zeolites is an effective

way for excluding coordinating water and silanol.

With the aim of designing nanosized luminescent par-

ticles within a zeolitic host, we use zeolite matrix for the

synthesis of the nanosized luminescent crystal. In addition

to excluding coordinating water and silanol group, phase

transition of zeolite was taken into consideration for the

creation of nanosized luminescent crystal within the host

matrix.

In this report, we present a novel synthesis of nanosized

NaEu(MoO4)2 via the reaction of Eu3+ and molybdate

species in the matrix of faujasite (FAU) type zeolite X and

successive calcination. Eu3+ was loaded to FAU by ion

exchange. The resulting Eu3+ exchanged FAU was reacted

with MoO3 in the solid-state and then modified FAU was

calcined to derive phase transition. The structure, mor-

phology and emission property were discussed. The effects

of MoO3-loading level on the emission property have been

also investigated in terms of the crystal structure derived

from phase transition. Furthermore, the results were com-

pared with bulk NaEu(MoO4)2 fabricated by conventional

solid-state process.

Experimental

Preparation

A starting zeolite material was commercially available

FAU type zeolite Na-X (NX-110P: Nippon Chemical

Industrial, Si/Al = 1.23). The zeolite (30 g) was slurried in

2000 mL of aqueous solution containing 0.04 M Eu-

Cl3 � 6H2O (Mitsuwa) and stirred at 360 K for 60 min.

After the product was separated by filtration, it was washed

with deionized water, and dried in air at 393 K. The

resulting Eu3+ exchanged FAU was mixed with two dif-

ferent amounts of MoO3 (Taiyo Koko). The mixtures were

put on a cordierite ceramics plate and then heated slowly to

723 K in air. After it was heated at this temperature for

10 h, the sample was cooled to room temperature. A part of

the resulting sample was heated again at 1073 K for 10 h in

air.

For comparison, bulk NaEu(MoO4)2 was prepared by a

conventional solid-state reaction. Constituent powders of

Eu2O3 (Wako), Na2CO3 (Wako), and MoO3 were dry-

mixed with a henschel-type mixer. The mixture was put on

a cordierite plate and then heated at 1073 K for 1 h in air.

Measurements

Chemical compositions Eu, Mo, Al, and Si of the prepared

samples were determined by inductively coupled plasma

analysis (SEIKO Instruments, SPS1700HVR). The content

of Na was determined by atomic absorption analysis

(Thermo Elemental, SolaarM5). The samples were inves-

tigated by powder X-ray diffraction (XRD) for identifying

their structures. The XRD profiles were recorded on a

Rigaku Model Dmax 2000 diffractometer using CuKa
radiation. Thermogravimetric (TG) profiles were measured

with a MAC Science MTC1000S. A total weight loss be-

tween 298 K and 673 K was employed for calculating the

amount of desorbed water.

A scanning electron microscope (SEM) was applied to

observe the surface morphology of each sample (HIT-

ACHI, S-3000N). A transmission electron microscope
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(TEM) and a scanning transmission electron microscope

(STEM) were used to determine the microscopic structures.

(HITACHI, H-9000). Energy depressive X-ray (EDX)

spectroscopy attached to STEM was also applied for ele-

mental mapping (HITACHI, H-800). For TEM and STEM-

EDX study, the sample was crushed with glass beads in

ethanol solvent with a paint conditioner (Red Devil Inc.,

5410). The obtained slurry of the sample in ethanol was

dropped onto a copper grid covered by a thin layer of

carbon. Particle size distribution was determined by laser

diffraction analysis using unified scatter technique

(NIKKISO, MICROTRAC HRA). Emission and excitation

spectra were obtained with a HITACHI F-4500 at room

temperature. In order to compare the emission intensities,

the measurements were carried out in a reflectance mode

under identical conditions: optical setup, focalization point

and illuminated cross-section, sample holder, emission and

excitation slits width and the equal volumes of the samples

having the same particle size were used in each measure-

ment. Decay profiles monitored at 614 nm were recorded

with the photomultiplier coupled to an oscilloscope upon

excitation with the third harmonic of a Nd:YAG laser

(355 nm).

Results and discussion

Characterization

Chemical analysis of Eu3+-exchanged zeolite gave the

following chemical composition of its unit cell:

Na6Eu23(AlO2)83 � (SiO2)106-nH2O. The degree of Eu3+

ion-exchange was 83% (denoted as Eu3+-FAU hereafter).

The nomenclature of the samples prepared in this study and

their chemical analysis are listed together with the calci-

nation temperatures in Table 1. The numbers of molyb-

denum atoms contained in a unit cell were 17 at lower

MoO3-loading levels (sample l-723) and 42 at higher

MoO3-loading levels (sample h-723), respectively. The

molybdenum contents were slightly decreased after calci-

nation at 1073 K (sample l-1073, h-1073) in both systems.

This suggests that a small amount of MoO3 was lost by

vaporization.

Their XRD profiles are depicted in Fig. 1. No diffraction

patterns of the MoO3 were detected in the sample l-723 and

h-723, suggesting that molybdenum oxide species was

present in the sample as a monomer or an oxide cluster.

The observed patterns showed only the peaks characteristic

of FAU. SEM images of these samples also allowed us to

observe only the zeolitic particle of FAU. Therefore, these

results revealed that molybdenum oxide species entered

into the pore structure of the FAU, probably as monomer or

clusters of MoO3 or ions such as MoO4
2– by calcination at

723 K. The peak intensities were weakened as the amounts

of loaded MoO3 increased, indicating the decrease in the

crystallinity of zeolites. This decrease should be attributed

to slightly acidic character of MoO3, which should destroy

the FAU structure. These results were consistent with the

previous publication [31].

The FAU structure collapsed except for Eu3+-FAU-1073

when the samples were calcined at 1073 K, and formation

of new crystalline phases were observed. For the sample

l-1073 with low MoO3-loading, the diffraction pattern

showed good agreement with that of europium sodalite

(Eu-SOD) having the composition Eu4Si4Al8O24(MoO4)2

reported by Borgmann et al. [22].

For the sample h-1073 with high MoO3-loading level,

the main diffraction peaks were similar to those of sodium

gadolinium molybdenum oxide: NaGd(MoO4)2 � (JCPDS

no. 25-0828) though the slight formation of Eu-SOD as a

by-product was recognized. This revealed that NaEu(-

MoO4)2 of scheelite type structure is predominantly formed

by loading high amounts of MoO3. Eu3+ and Na+ share the

sites usually occupied by Ca2+ in the natural scheelite

CaWO4 [32]. Since chemical analysis of the sample h-1073

indicated that the number of Na+ (6) per unit cell was much

less than that of Eu3+ (23), it is reasonable to consider that

Eu3+ (and cation vacancies) replaced Na+ in the derived

Table 1 Nomenclature, calcination condition, chemical analysis, crystal form and water content of samples

Sample Calcination temprature

(K)

Unit cell formula Crystal form Water content

(wt%)
Na Eu Mo Al Si

Eu3+-FAU-723 723 6 23 0 82 106 FAU 19.8

l-723 723 6 23 17 81 106 FAU 16.3

h-723 723 6 23 42 81 106 FAU 12.1

Eu3+-FAU-1073 723/1073 6 23 0 83 106 FAU 19.5

l-1073 723/1073 6 23 16 82 106 Eu4Si4Al8O24(MoO4)2
a 1.8

h-1073 723/1073 6 23 40 80 106 NaEu(MoO4)2 0.4

Eu4Si4Al8O24(MoO4)2
a: Europium sodalite reported by Borgmann et al. [22]
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scheelite crystal. When molybdates of monovalent and

trivalent metal cations crystallize into a scheelite structure

with general formula A+1
0.5 – 3xA

3+
0.5+xu2xMoO4, one

trivalent cation is readily replaced by three monovalent

cations resulting in the formation of two cation vacancies

(u). Another components originated from FAU, namely Al,

and Si should exist as amorphous oxide phase, except for

small amounts of Eu-SOD.

The contents of water re-adsorbed in air after calcination

confirmed by TG measurements are also listed in Table 1.

Eu3+-FAU alone possessed about 20 wt% of re-adsorbed

water even after calcination at 1073 K. In the samples

l-723 and h-723, the water contents were 16.3 wt% and

12.1 wt%, respectively. Although the insertion of the

molybdenum oxide species into Eu3+-FAU was confirmed

by XRD measurements, no drastic loss of water was ob-

served. Elimination of water was observed in the samples

which underwent phase transition into Eu-SOD (sample

l-1073, 1.8 wt%) and NaEu(MoO4)2 (sample h-1073,

0.4 wt%).

Morphology of the samples

Figure 2 shows the SEM images of the (a) starting

Na-FAU; (b) Eu3+-FAU alone (Eu3+-FAU-1073); (c) the

sample with low MoO3 loading levels (l-1073), containing

Eu-SOD; and (d) the sample with high MoO3 loading

levels (h-1073), containing NaEu(MoO4)2. Even after

calcination at 1073 K, all the samples maintained zeolitic

uniformity and they formed no aggregation. Although thus

macroscopic changes were not observed, surface mor-

phology was changed depending on the MoO3-loading

level. Eu3+-FAU alone maintained the original surface

Fig. 1 XRD patterns of the starting Na-FAU and the samples. The

sample names are listed in Table 1

Fig. 2 SEM images of (a)

Starting Na-FAU; (b) Eu3+-

FAU-1073; (c) l-1073; and

(d) h-1073
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morphology, which the starting FAU particle possessed

(Fig. 2b). When MoO3 was loaded with low levels (sample

l-1073), the particle surface was slightly roughened

(Fig. 2c). Drastic change was observed when MoO3 was

loaded with high levels (sample h-1073). Fig. 2d indicated

that nanosized particles were deposited on the particle

surface homogenously. The diameters of these particles

were about 30–80 nm.

To investigate these nanosized particles in more detail,

TEM observation and elemental mapping using EDX were

performed on the specimen of the sample h-1073. Many

nanosized particles (dark contrast) surrounded by a bright

contrast phase were observed as shown in Fig. 3a. The

diameters of these nanosized particles were about 10–

80 nm, agreed with the result of the SEM observation.

Their STEM image and elemental maps are also depicted

in Fig. 3b. The STEM elemental mappings confirmed the

presence of Mo and Eu in the nanosized particles and that

of Al and Si in the bright contrast phase. In conjunction

with the XRD measurements, these nanosized particles and

bright contrast phase were identified as NaEu(MoO4)2 and

amorphous aluminosilicate matrix, respectively. Therefore,

the sample h-1073 can be regarded as a composite material

consisting of nanosized NaEu(MoO4)2 and amorphous

matrix.

The particle size distributions of the sample h-1073 and

the starting Na-FAU are depicted in Fig. 4. The particle

size distribution was almost unchanged after the sample

preparation, indicating that the mono-dispersibility of the

starting Na-FAU particles was retained in the resulting

composite.

Therefore, the results have led us to a conclusion that an

approach using phase transition of zeolites enables us to

synthesize nanosized NaEu(MoO4)2 crystals in the amor-

phous matrix without forming aggregates. An explanation

to this method could be related to the microstructure of

zeolite as discussed below. When Eu3+ and MoO3 are

loaded into the zeolite preliminarily, crystallization of

NaEu(MoO4)2 proceeds in zeolite cavities, which can offer

a limited nano-spaces for crystal formation. Zeolite

frameworks act as a wall for inhibiting excess crystal

growth, though zeolite is also destroyed by calcination. In

contrast, particle morphology cannot be readily controlled

by conventional solid-state process. Consequently, using

phase transition from zeolite can be considered as an

appropriate way for constructing nanosized crystals within

amorphous matrix.

Emission properties

Emission spectra of the prepared samples are depicted in

Fig. 5. Under irradiation at 396 nm corresponding to the
7F0– 5L6 transition of Eu3+, each sample gave lumines-

cence attributed to the 5D0– 7F1, 5D0– 7F2, 5D0– 7F3, and
5D0– 7F4 transition of Eu3+. A week emission attributed to
5D0– 7F0 transition was observed for h-1073. Fig. 5a

Fig. 3 (a) TEM image of

specimen of h-1073; (b) STEM

image and elemental maps of

h-1073. Elemental maps of Eu,

Mo, Al, and Si were made of the

area outlined in the black square
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clearly shows that the strongest emission intensity was

obtained for the sample h-1073 containing nanosized

NaEu(MoO4)2. The weakest emission intensity was ob-

served for the Eu3+-exchanged FAU (Eu3+-FAU-1073),

presumably due to re-absorbed water (see Table 1). Eu3+

and H2O molecules should be distributed in the supercage

of the FAU. The numbers of Eu3+ and H2O per supercage

calculated from chemical and TG analysis were 2.9 and 26,

respectively. Thus, Eu3+ should be surrounded by 9.0 H2O

molecules, which are well known as a quencher of excited

Eu3+ if they are located in the first coordination shell of

Eu3+ [30]. Although elimination of water molecules

and silanol groups was attained by phase transition (see

Table 1), emission intensity of the sample l-1073 con-

taining Eu-SOD was at least by one order weaker than that

of the sample h-1073. Since the numbers of Eu3+ per unit

cell and particle sizes were similar in the two samples, it

can be concluded that luminescent efficiency of the

sample h-1073 was higher than that of the sample l-1073.

Note that Eu3+-exchanged FAU containing molybdenum

as oxides in the pores (sample h-723, Fig. 5b) showed

weaker emission in spite of similar chemical composition

with that of the sample h-1073. Therefore the observation

has led us to a conclusion that formation of nanosized

NaEu(MoO4)2 enhances the emission. The excitation

spectrum of the sample h-1073 (Fig. 6) for monitoring the
5D0– 7F2 transition of Eu3+ showed a broad ligand(O) to

metal(Mo) charge-transfer (LMCT) band and the sharp

lines corresponding to 7F0– 5D0,
7 F0– 5Lj, and 7F0– 5Gj

transitions. Intensities of 7F0– 5L6 (Eu3+) transition at

396 nm and 7F0– 5D2 transition (Eu3+) at 463 nm were

comparable to the LMCT band.

To compare the emission lifetimes between nanosized

NaEu(MoO4)2 synthesized in the matrix of FAU (sample h-

1073) and bulksized NaEu(MoO4)2 fabricated by a con-

ventional solid-state process, the emission decay curves

were monitored at 614 nm (5D0– 7F2 transition). Figure 7

shows the emission decay curves of both samples. Both of

the emission decays followed simple first-order kinetics.

The emission lifetimes were 0.39 ms and 0.35 ms for

nanosized- and bulksized-NaEu(MoO4)2, respectively. The

fitting errors were within ±0.005. The lifetime value of

bulksized-NaEu(MoO4)2 was consistent with the previous

Fig. 4 The particle size distribution of starting Na-FAU and h-1073

Fig. 5 Emission spectra of the samples. The excitation wavelength

was 396 nm
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publication [33]. Thus, the emission lifetimes of Eu3+ in

bulk- and nanosized NaEu(MoO4)2 were very similar. The

emission lifetimes are in general decreased when the par-

ticle size is decreased [34, 35]. This can be attributed to

non-radiative relaxation caused by surface defects and

hydrated or carbonated species that act as quenching cen-

ters. Because the lifetime s is described as (srad + snrad)–1,

where srad and snrad are the radiative rate and the non-

radiative rate, respectively, when the surface area increases

with decrease of particle size, more defects and hydrated or

carbonated species would be formed on the surface, with an

increased non-radiative rate, the lifetime turns shorter

accordingly. Therefore, this observation indicates that the

amorphous matrix originated from FAU coating the sur-

faces of the nanosized NaEu(MoO4)2 crystals suppress the

non-radiative relaxation.

In contrast, conventional fabrication route is via a

grinding or milling process in order to obtain fine particle

size. This introduces defects into surface and hydrated or

carbonated species into surface. Typically, as particles are

ground below about 3 lm there is a substantial drop-off in

luminescence efficiency [36]. Therefore, this novel route

for preparation of nanosized luminescent material within

the amorphous matrix via phase transition of zeolites

proves to be advantageous in controlling the particle

morphology and improving the emission property.

Conclusions

We have prepared first nanosized NaEu(MoO4)2 in the

matrix of faujasite (FAU) type zeolite X by incorporating

MoO3 in Eu3+ exchanged FAU and subsequent calcination.

The sample particles maintained zeolitic uniformity after

phase transition and they formed no aggregation. The

nanosized NaEu(MoO4)2 was dispersed homogeneously

within amorphous aluminosilicate matrix originated from

FAU. Strong emission intensity was obtained from the

nanosized NaEu(MoO4)2. The emission decay profiles have

revealed that nanosized NaEu(MoO4)2 in the matrix pro-

vides with high emission efficiency, being comparable to

bulk NaEu(MoO4)2 fabricated by conventional solid-state

processes. This suggests that amorphous matrix suppresses

non-radiative relaxation by coating the surface of nano-

sized NaEu(MoO4)2 crystals. Consequently using phase

transition from zeolite can be considered as an appropriate

way for constructing nanosized strong luminescent mate-

rial within amorphous matrix. It is expected that further

optimizations of the syntheses by changing Na/Eu ratio of

Eu3+ exchanged FAU, and co-exchanging with other cation

would enhance the emission efficiency.
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