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ABSTRACT: Solid-state reaction is the most common method
for preparing luminescent materials. However, the luminescent
dopants in the hosts tend to aggregate in the high-temperature
annealing process, which causes adverse effect in photolumi-
nescence. Herein, we report a novel europium (II)-doped
zeolite derivative prepared by a combined ion-exchange and
solid-state reaction method, in which the europium (II) ions are
isolated to a large extent by the micropores of the zeolite.
Excited by a broad ultraviolet band from 250 to 420 nm, a strong
blue emission peaking at 450 nm was observed for these Eu-
embedded zeolites annealed at 800 °C in a reducing atmo-
sphere. The zeolite host with pores of molecular dimension was
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found to be an excellent host to isolate and stabilize the Eu** ions. The as-obtained europium (II)-doped zeolite derivative showed
an approximately 9 fold enhancement in blue emission compared to that of the general europium (II)-doped aluminosilicates
obtained by conventional solid-state reaction, indicating that, by isolating active luminescence centers, it is promising to achieve
highly luminescent materials. Also, the strong blue emission with broad UV excitation band suggests a potential candidate of

phosphor for ultraviolet excited light-emitting diode.
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1. INTRODUCTION

Luminescent materials doped with isolated active lumines-
cence centers are important for applications in numerous fields
including displays, lighting, and optical telecommunications for
their enhanced emission property thanks to the reduction of
concentration quenching effects in such material systems.'~® On
the other hand, the solid-state reaction method is the most
common method for preparing luminescent materials with high
crystallinity.”® However, the luminescent dopants tend to ag-
gregate in the high-temperature annealing process. Microporous
and nanoporous material systems with special featuring pore
structures have been regarded as potential hosts for isolating
active centers in the resulting system. Qiu et al. reported an
isolated bismuth-doped nanoporous glass prepared by soaking
the nanoporous glass in Bicontaining solutions and then treating
the glass with postannealing.” Aluminosilicate systems have also
been regarded as excellent luminescence hosts with stable crystal
structure and high thermal stability. Many investigations on
phosphors with aluminosilicate as a host material have also been
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reported in the past.”*'®""> Among them, zeolites are special
form of crystalline aluminosilicates with pores of molecular
dimension. As a result, functionalized zeolites and their deriva-
tives have been emerged as a new class of luminophor hosts in
recent years.lé*27

Currently, the phosphor-converted white light-emitting diode
(PC-WLED) is the most promising technology for solid-state
lighting.m*31 To date, there are two schemes in PC-WLED. One
is the combination of a blue LED with yellow phosphor (YAG:
Ce’") by blending the blue from the LED and yellow from the
phosphor resulting in white. However, the disadvantage of the
white LEDs is the white light emission is rather “cold”, which is
not suitable in the applications where “warm” light is generally
required.>> Another approach of obtaining white light is to
combine a near-UV LED (around 370—410 nm) with red, green
and blue (RGB) emitting phosphors.*>~*” This approach could
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Figure 1. (A) Schematic of the fabrication procedure of the europium (II)-doped zeolite derivatives. (B) Photograph of a europium (II)-doped zeolite

derivative sample excited by UV light.

yield a white LED very high photometric performance, provided
the RGB emitting phosphors are optimized. To increase the
efficiency of the white LEDs, special attention has recently been
paid to the development of novel RGB phosphors that can
absorb in the near-UV range efficiently. Rare earth europium
(1I)-activated phosphors have been widely used in energy-saving
fluorescent lamps and light emitting diodes®® ** because of the
efficient 4f—5d transition of Eu (II) ions and the possibility to
tune their excitation and emission wavelength. Recently, lumi-
nescence from rare-earth-functionalized zeolites has been stu-
died, promising for applications as phosphors, lasers and NIR
emitters.”' ~?” However, the Eu’*-activated zeolites or zeolite
derivatives have been relatively less reported, and there are lots of
disadvantages in the current systems such as low luminescence
efficiency and existence of Eu®,*' or lack of visible light
emission.*” Among previous studies, many works focused on
the study of trivalent Eu’*, Tb**, Nd*', and Er’*-activated
zeolites to produce red, green, or near-infrared emission and
none of them presents an effective approach to yield strong
visible emission from pure Eu”*-activated zeolites, primarily
because the Eu*"-incorporated zeolites are difficult to obtain
directly by ion exchange method as a result of the instability of
Eu’" in aqueous solution and the large difference in the radius of
Eu”" and the exchanged ions of zeolites.

In this paper, we report a europium (II)-doped zeolite derivative
with strong blue emission by an ion-exchange process and subse-
quent high-temperature annealing in H,/N, atmosphere. Much
stronger blue emission is obtained as compared to the conventional
solid-state reaction method. The results indicate that the micropores
of zeolites act as a spacer to successfully isolate Eu”* ions and
prevent them from aggregation. These micropores of zeolite 13X
not only play a key role in isolating the active centers, but also serve
as host for stabilizing the active centers.

2. EXPERIMENTAL SECTION

Synthesis of Europium (ll)-Doped Zeolite Derivatives. All
chemicals were purchased from commercial sources (analytical grade)
and used without further purification. The Na type faujasite type-zeolite
13X (Na,0-ALO;3-(2.8 £ 0.2)Si0,-(6—7)H,0) was supplied by
Shanghai Tongxing Molecular Sieve Co., Ltd. First, Eu,O3 was dissolved

by HCI (36% - 38%, analytical grade) and diluted by the distilled water
into 0.1 mol/L EuCly solution. Then Na type zeolite 13X (4.5 g) was
immersed in the EuCl; solution (30 mL). The solution was stirred at
80 °C for 24 h. Afterward the ion-exchanged zeolites were collected by
the centrifugation and washed with the deionized water to remove the
excess Eu ions and Na ions. The final isolated Eu**-doped zeolite
derivatives were obtained by annealing the Eu-incorporated zeolites at
800 °C for 3 h in a reducing ambient (5% H,+95% N,).

Characterization. The structures of as-prepared products were
characterized by powder X-ray diffraction (XRD) (Rigaku DMAX 2000
diffractometer equipped with Cu/Ka1 radiation, 1=1.5405 A) (40 kV,
40 mA) and transmission electron microscopy (TEM, JEOL JEM-
2100). The photoluminescence (PL) spectrum was measured at room
temperature with a VARIAN Cary-Eclipse 500 spectrofluorometer
equipped with a 60 W xenon lamp under a working voltage of 420 V.
The excitation and emission slits were set at 5.0 nm. Solid fluorescence
quantum yields were obtained on an USS-600 labsphere (Leadership in
Reflectance Technology) integraph excited at 370 nm. Specific surface area
(Sper) was calculated using the multiple-point Brunauer—Emmett—
Teller (BET) method in the relative pressure range of P/P, = 0.05—1.0
by the Barrett—Joyner—Halenda (BJH) model. The absorbance spectra
were obtained over a wavelength range from 250 to 500 nm using a
UV—Vis spectrophotometer (SHIMADZU) with a SOW halogen lamp and
a deuterium lamp as the excitation source. X-ray photoelectron spectros-
copy (XPS) measurements were performed on a Perkin-Elmer PHI S000C
ESCA system. The zeolite 13X incorporated with Eu ions was characterized
by thermo-gravimetric/differential thermal analyzer (TG-DTA) spectro-
meter (Shimadzu, DTG-60H) whose calefactive speed (f3) is 10 °C/min,
respectively. The content of Eu”* in the samples was estimated by
inductively coupled plasma optical emission spectrometry.

3. RESULTS AND DISCUSSION

The as-prepared europium (II)-doped zeolites and their
derivatives were prepared by first soaking the zeolite 13X in
EuCl; solutions and then treating them under a H,/N, reducing
atmosphere condition. The process is illustrated in Figure 1A.
With similar size (sodium: 0.97 A and europium (II1): 0.95 A), it
is possible for europium (III) to migrate into the sodalite cages
and substitute the sites of sodium ions. By photoluminescence
(PL) measurement, a weak emission from Eu®" was observed
(see Figure S1 in the Supporting Information), suggesting some
Eu’* was doped and activated in the zeolite 13X after the ion-
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exchange process. In order to achieve strong blue emission from
Eu”" ions, high-temperature annealing in H,/N, atmosphere was
performed. Figure 1B shows an eye-visible photograph of the
strong blue photoluminescence from the annealed sample ex-
cited under UV irradiation using a 365 nm lamp.

The X-ray diffraction (XRD) patterns of the Eu-incorporated
zeolites annealed at different temperatures are shown in Figure 2.
Below an annealing temperature of 800 °C, the Eu-incorporated
zeolites maintain their original structure, which matches well
with zeolite (JCPDS card 38—0237). As the annealing tempera-
ture is further increased to 800 °C, the corresponding XRD
pattern shows only a very broad band peaking at around 25°,
suggesting that the framework of zeolite 13X collapsed and
amorphous aluminosilicate structure is formed. X-ray photoelec-
tron spectrometer (XPS) confirmed that this zeolite derivative
was composed of Na, Si, Al, O, and Eu (see the Figure S2 in the
Supporting Information). However, further increasing the an-
nealing temperature to 1000 °C, the pure NaAlSiO, phase
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Figure 2. XRD patterns of Eu-incorporated zeolites annealed at differ-
ent temperatures.

gradually appears which can be clearly seen by its typical XRD
pattern in Figure 2 (JCPDS Card 35—0424). The XRD analysis
is in agreement with the results of thermogravimetry (TG) and
differential thermal analysis (DTA). There are two exothermic
peaks at around 750 and 890 °C, corresponding to the structural
collapse and phase transition of zeolite*’ (see Figure S3 in the
Supporting Information). Transmission electron microscopy
(TEM) and nitrogen adsorption isotherms were used to further
confirm the phase change of Eu-incorporated zeolite sintered at
800 °C. As shown in Figure 3a, the framework of the zeolite 13X
is primarily a well-ordered array, dominated by regular straight
parallel one-dimensional (1D) channels with a diameter of about
0.9S nm. Figure 3b depicts the TEM image of Eu-embedded
zeolite annealed at 800 °C in H,/N, atmosphere. It can be clearly
seen that the parallel 1D channels are destroyed and the
amorphous aluminosilicate derivative of zeolite 13X is formed.
This agrees well with the XRD measurements. The nitrogen
adsorption isotherm of the pure zeolite and zeolite derivative
(800 °C annealed) is compared in Figure 3. A typical type-IV
isotherm with sharp capillary condensation steps can be observed
for pure zeolite from Figure 3¢, indicating a narrow pore size
distribution. However, the typical type-IV isotherms with sharp
capillary condensation steps were not observed for Eu-incorpo-
rated zeolite sintered at 800 °C, as shown in Figure 3d. The
Brunauer—Emmett—Teller (BET) surface area in the pure
zeolite is about 334.727 m”/g, which is quite different from the
normal BET surface area in Eu-incorporated zeolite derivative
annealed at 800 °C (6.484 m?/ g). The remarkable decrease of
surface area in the zeolite derivative and the absence of the typical
type-IV isotherm with sharp capillary condensation steps indi-
cate that the micropore structure of zeolite 13X is completely
collapsed with an annealing temperature of 800 °C.
Interestingly, unlike general rare-earth-ion-doped compounds
prepared by conventional solid-state reaction method, the Eu>"
ions are isolated in the zeolite derivatives via the ion-exchange
and solid-state reaction process. The schematic illustration of the
process for isolating Eu”" ions in zeolite matrix is depicted in
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Figure 3. TEM images of (a) pure zeolite 13X, (b) Eu-incorporated zeolite 13X annealed at 800 °C in H,/N, ambient. Nitrogen adsorption isotherms
of (c) pure zeolite and (d) Eu-incorporated zeolite annealed at 800 °C in H,/N, ambient. The inset in a illustrates the micropores of zeolite.

4433

dx.doi.org/10.1021/am2012118 |ACS Appl. Mater. Interfaces 2011, 3, 4431-4436



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

lon-exchange

@

®e %o ®
%o 0o
o0 ©Oo e ©®
o0 (1]
e® o I
Annealing ° Further annealing °
(in the Ho/Np) o o0 (in the Hy/Np) ®
® o°
@ #: @ °
°® o°
r1d °o®
(1] (1]
oo oo °
%o 0o
oe ©p [ ]

Modeled micropore of zeolite:

Sodium ions:. Europium (III) ions:‘ Europium (II) ions:.

Figure 4. Schematic illustration of the process for Eu** ions isolated by micropores of zeolite.
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Figure 5. Photoluminescence and photoluminescence excitation spec-
tra of Eu2+—doped zeolite derivatives annealed at 800 °C in H,/N,
ambient. The corresponding absorption spectrum is shown as the inset.

Figure 4. First, europium (III) ions substitute the sites of sodium
ions by ion-exchange process. At this stage, sodium ions are partially
substituted by sodium ions. In our case, the jon exchange rate is less
than 20% (the reaction time is above 12 h), ensuring a saturated
exchange. Then, the Eu*" ions are reduced to Eu”* ions by annealing
under a reducing atmosphere and the framework of zeolite shrinks
slightly. As the annealing temperature is further increased, the
framework of zeolite collapses results in a smaller size with an
almost unchanged morphology (see Figure S4 in the Supporting
Information). In this process, the Eu** ions will be isolated to a large
extent in amorphous zeolite derivatives with minimum agglomera-
tion (the sodium ions in the last diagram are ignored).

The photoluminescence spectrum of the as-prepared Eu**-
doped zeolite derivative annealed at 800 °C was measured at
room temperature (Figure 5). The corresponding photolumi-
nescence excitation (PLE) spectrum, monitored at 450 nm,
shows a broad excitation range (250—420 nm). From the PL
spectrum, a strong blue emission band centered at 450 nm can
be observed (by 380 nm excitation), which can be well
assigned to Eu”" emission arising from transitions of the
4£65d" configuration to the ®S; , level of the 4f” configuration.
However, its excitation is significantly broadened compared to
the conventional aluminosilicate materials,">™*> which is
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Figure 6. (a) PL intensity variation of the Na, ,Eu,0-ALO3-2.85i0,
as a function of Eu (II) composition (x), and (b) PL intensity of samples
annealed at temperatures. The spectra were obtained by 380 nm
excitation.

caused by the split of 5d orbitals of Eu**.** The absorption
spectrum of as-prepared Eu’*-doped zeolite derivative is
presented as the inset in Figure 5, which is in good agreement
with its excitation spectrum.
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Figure 7. PL and PLE spectra of (1) Eu3+-inc0rp0rated zeolite, (2)
pure zeolite and (3) mixture of Eu, 03 and zeolite (7.36 wt % Eu,O3). All
samples were annealed at 800 °C in N,/H,.

The PL intensity variation for the samples with different Eu**
compositions (x in Na,_,Eu,0) is compared in Figure 6a. It can
be seen that the PL intensity reaches the maximum when
x = 0.184 and the corresponding concentration of Eu”" in the
sample is 9.2% as measured by inductively coupled plasma optical
emission spectrometry (ICP). It is worth mentioning that this
Eu’" concentration here is much higher than that in aluminosi-
licates reported by previous studies.”>"*** Owing to the special
pore structure of zeolites, agglomeration of Eu®" ions is limited.
The concentration quenching effect is mainly caused by the
energy transfer among adjacent Eu®" ions,***” which can be
greatly alleviated by the zeolite spacer, and hence more Eu**
activator ions can be introduced, leading to more effective doping
of Eu”" in zeolite.

In contrast, the PL emission spectra of zeolites annealed at
600 °C and at 1000 °C are quite different (Figure 6b). The PL
emission is very weak for the 600 °C annealed sample. While the
emission spectrum consists of two wide bands for the 1000 °C
annealed sample, which is caused by the existence of different
available sites for the emission centers in the host lattice.*’
Compared to Eu-incorporated zeolites annealed at 1000 °C,
the PL emission intensity of the 800 °C annealed sample is more
than three times stronger. The strong emission from the 800 °C
annealed sample can be ascribed to the collapse of zeolite
framework and the formation of zeolite aluminosilicate derivative
while maintaining the inter spacing between adjacent Eu*" ions.
It can be concluded that the microenvironment of Eu** sealed in
micropores of collapsed zeolite changes significantly at 800 °C.
This can be well demonstrated by a parallel experiment of Eu>*-
doped zeolite annealed at 800 °C as Eu>" emission is particularly
sensitive to matrix microenvironment.*® The PL spectra of Eu>*-
doped zeolite appeared obvious variety when the annealing
temperature was up to 800 °C: broadened emission line width,
changed ratio of transition emission, and enhanced emission
intensity, indicating the zeolite microenvironment occur signifi-
cant changes clearly after framework collapse (see Figure S5 in
the Supporting Information). It has been reported that the rigid
inorganic framework can protect dopants in the matrix and
improve the stability of the active centers.” For our present case,
the zeolite framework collapsed when the annealing temperature
was up to 800 °C, but the Eu®" ions were sealed/stabilized and

well-dispersed in the micropores of zeolites, which promotes
effective energy transfer between zeolite matrix and Eu®" ions
leading to the drastic enhancement of PL emission. The Eu-
incorporated zeolites annealed at 1000 °C form the new phase of
NaAlSiO, and give birth to the agglomeration of Eu®* ions,
causing a decrease of PL emission intensity.

The PL properties of as-prepared Eu**-doped zeolite derivative
annealed at 800 °C (denoted sample A) were also investigated by
comparing nondoped zeolite derivative and Eu**-doped zeolite
derivative prepared by conventional solid-state reaction method
without ion exchange process (denoted sample B, the chemical
component is in accordance with sample A). All samples were
annealed with the same condition (Figure 7). It can be seen that
there is no visible light emission from the nondoped zeolite
derivative sample. Blue emission can be observed for both sample
A and sample B. However, the PL spectrum of sample A is obviously
different from sample B prepared by conventional solid method. For
the sample A, the excitation wavelength range is significantly
broadened and the emission peak is blue-shifted. The difference
in their spectra is due to the outermost 5d orbit involved in the
4°5d" —4f transition of Eu**, which is very sensitive to the local
crystal-field. By conventional mixing method, the Eu®" ions are
difficult to incorporate into micropores of zeolites (for this case, the
Eu”*-doped zeolite derivatives only are equivalent to general Eu**-
doped aluminosilicates). Through the combination of ion exchange
and solid state reaction, Eu®* can be incorporated effectively into the
micropore structure of zeolite, preventing agglomeration of lumi-
nescence ions and prohibiting concentration quenching to the
largest extent. As we can see from Figure 7, the as-prepared
europium (II)-doped zeolite derivative (absolute quantum yield =
52.6%) shows an approximately 9-fold enhancement in blue emis-
sion compared to that of the general europium (II)-doped alumi-
nosilicate (absolute quantum yield = 6.2%) obtained by
conventional solid-state reaction method.

4. CONCLUSIONS

In conclusions, the Eu (II)-doped zeolite derivatives with strong
blue emission have been successtully prepared by an ion-exchange
and solid-state reaction method. The PL intensity of as-obtained
Eu”"-doped zeolite derivatives were the strongest for samples with an
amorphous structure annealed at 800 °C. Avoiding excessive agglom-
eration of luminescence centers through isolating Eu”* ions in the
micropores of zeolite derivative is the reason behind the luminescence
enhancement. The strong blue emission and large UV excitation band
signify a great promise for phosphor applications. In addition, our
method demonstrated here provides a ubiquitous strategy for
designing highly luminescent materials. The host material can also
be optimized to tune the inter dopant spacing to maximize the dopant
concentration while keeping the concentration quenching low.

B ASSOCIATED CONTENT

© Supporting Information.  Experimental details on synth-
esis of isolated europium (II)-doped zeolite derivatives and
additional PL, XPS, and SEM analysis. This material is available
free of charge via the Internet at http://pubs.acs.org.
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