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Abstract

(0.295, 0.537).

Fu’*-activated phosphors are widely applied in lighting and display areas because of their good optical
performance. In this paper, an excellent green-emitting zeolite-3A: 1.3 wt% Eu phosphor is prepared by a green and
eco-friendly high-thermal reaction method without any reducing atmosphere or agents. Meanwhile, the reducing
mechanism from Eu®" ions to Eu”* ions is investigated. The experiment results show that the morphology, crystal
structure, and luminescent property are affected by sintering temperature. The resulting sample shows the broad
excitation band is in the range of 310-450 nm and the peak of the broad emission band is located at 523 nm.
Furthermore, zeolite-3A: 1.3 wt% Eu phosphor is encapsulated on a commercial UV-emitting chip to fabricate a
purity green light-emitting diode (LED) with the Commission Internationale de L'Eclairage (CIE) color coordinates at
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Background

Luminescent materials are widely used in many fields, such
as lighting and display devices [1-5]. Over the years, rare-
earth (RE) europium (Eu)-activated luminescent materials
have received more attention due to their unique optical
properties, such as high brightness [6, 7], high chemical sta-
bility [8, 9], and excellent eco-friendliness [8, 10]. In par-
ticular, Eu ions have two oxidation states of divalent (Eu**)
and trivalent (Eu®"), exhibiting different emitting character-
istics. Generally, Eu®* ions are mainly as a red-emitting acti-
vator which originated from *Dy — 7F] (J=1,2,3,4,and 5)
transitions [11-13]. However, Eu?* ions, their 5d electrons
located in the outer orbitals, are susceptible to their sur-
roundings. Thus, their emissions are easily affected by the
crystal field environment, having a wide region from
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ultraviolet (UV) to red. Chen et al. prepared Eu**-activated
fluorophosphates BazGdNa(PO,);F with blue and red
double-color-emitting phosphor [14]. Sato et al. reported
red-emitting Ca,SiO4Eu** phosphors [15]. Lin et al. syn-
thesized Eu®*, Mn**-activated CaoMg(PO,)sF, phosphors
with blue to yellow color emission [16]. It is suggested that
Eu**-activated phosphors caused by parity-allowed 5d—4f
electronic transitions show strong broad emission band [7].
Therefore, the Eu**-activated phosphors are the main focus
of luminescent materials in the recent years.

Nowadays, Eu®*-doped luminescent materials are
obtained by reducing Eu®** to Eu®*, because there is
no natural Eu®*-doped materials. Usually, it can be
realized in a reducing atmosphere including H,, H,/
N,, or CO. For example, Gao et al. recently obtained
Eu’*-activated phosphor from Eu®*-exchanged USY
(NapgSijesAlrg240H,0, Si/Al ratio=6) zeolites by
thermal treatment in H,/N, reducing atmosphere
[17]. Chen et al. reported that Eu®*-sensitized SreCa,
(PO4)¢F»:Tb** phosphor could be obtained by using
high-temperature  solid-state method in H,/N,
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reducing atmosphere [18]. Nevertheless, the reaction
in reductive atmosphere is relatively dangerous and
requires well-equipped working environment, which
leads to a higher cost of phosphors. In addition, the
environmental pollution will be produced if the reac-
tion is proceeded under CO-reducing conditions.
Therefore, a green, eco-friendly, and lower cost prep-
aration method has attracted more attention.

As is well known, Eu®>* among some special com-
pound hosts, such as borates [19], phosphates [20],
and aluminates [21], can also be reduced to Eu®' in
air at a high temperature. It is suggested that all
these compounds contain rigid tetrahedral BOy,
PO, AlO4 or octahedral AlOg group framework,
surrounding and insulating the produced Eu** ions
from oxygen [21, 22]. Zeolites, as one kind of alu-
minosilicate, not only are natural minerals, but also
can be synthesized in industry at a lower cost [23—
28]. Notably, their structure can satisfy aforemen-
tioned requirements, reducing Eu®** ions to Eu®*
ions and making Eu®* ions stable. They are also
widely used as excellent host materials for lumines-
cent material applications because of the high
chemical stability [29, 30] and so on. Among vari-
ous zeolites, zeolite-3A (£K,0-1Na,0-Al,032Si0,-3

H,O, Si/Al ratio ~ 1) has been used as host material

for down-conversion phosphor. Herein, we achieve
Eu®*-activated zeolite-3A phosphor through high-
thermal treatment method without any reducing at-
mosphere. The obtained Eu”*-activated zeolite-3A
phosphor has a quantum vyield of about 36.6%. This
preparation method is safe, green, and environmen-
tally friendly. The broad excitation band of the sam-
ple we obtained is in the range of 310-450 nm, and
the peak of emission band is located at 523 nm.
And the samples are stable and easily re-prepared.
By encapsulating green-emitting zeolite-3A: 1.3 wt%
Eu phosphor on a UV-emitting chip, we acquire a
good green LED with the Commission Internation-
ale de L’Eclairage (CIE) color coordinates at (0.295,
0.537) and brightness of 231.6 cd/m> under 3V volt-
age. These results not only show a simple and eco-
friendly preparing approach but provide an excellent
green emission phosphor with promising applica-
tions in the fields of lighting and display.

Methods

The Aim of the Study

We aim to prepare Eu**-activated phosphors with bright
green emission through safe, green, and environmentally
friendly synthesis method, without any reducing
atmosphere.
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Materials

Zeolite-3A (3K,0-4Na,0-Al,05-25i0,2H,0, Si/Al ratio ~
1) purchased from Shanghai Tongxing Molecular Sieve
Co., LTD, and europium oxide (Eu,Os) obtained from
Sinopharm Co., Ltd, were used without any further puri-
fication. Silicone resin and InGaN blue chip (5 mm x5
mm, A =375 nm) were received from Shenzhen Looking
Long Technology Co., Ltd.

Synthesis of Samples

Eu**-actived zeolite-3A samples were prepared by using
a typical high-temperature solid-state reaction method.
Firstly, different stoichiometric amounts of zeolite-3A
and Eu,O3; were mixed well and thoroughly ground in
an agate mortar for 40 min. And then, they were sintered
at different temperature without reducing atmosphere.
Finally, the target samples were gained after cooling.

Fabrication of Green LEDs

Eu**-actived zeolite-3A powder and silicone resin were
blended according to 1:5 of mass ratio, then stirring homo-
geneously. The composition was coated on an InGaN chip
and cured under 60 °C for about 2 h. Finally, the thickness
of the composite was measured to be about 1 mm.

Characterization

The morphology and structure of the resulting products
were characterized through field emission scanning elec-
tron microscope (FESEM, FEI Sirion-200) and X-ray dif-
fraction (XRD, Philips X'Pert) with Cu Ka radiation (A =
0.15405 nm). The thermogravimetric analysis (TG)
curves were measured by SDT Q600 V20.9 Build 20,
which were obtained from room temperature to 800 °C
with a heating rate of 10°C/min in a nitrogen atmos-
phere (flow rate 10 ml/min). The photoluminescence ex-
citation (PLE) and photoluminescence (PL) spectra were
obtained at room temperature using Edinburgh Instru-
ments FLS920 Time Resolved and Steady State Fluores-
cence Spectrometers equipped with a 450-W Xe lamp.
The oxidation state of europium element was investi-
gated by X-ray photoelectron spectroscopy (XPS, ESCA-
LAB 250). Electroluminescence (EL) spectrum was
investigated by Ocean Optics FLAME-S-VIS-NIR spec-
trometer with a fiber integrating sphere (FOIS-1) and a
Keithley 2400 electrometer.

Results and Discussion

Figure la shows the SEM image of pristine zeolite-
3A. It can be observed that the morphology of the
pristine zeolite-3A is irregular cubic structure with
the side length of about 1.5pm. Zeolite-3A: 1.3 wt%
Eu phosphors are obtained through high-temperature
solid-state reaction method, without any reducing
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Fig. 1 The SEM images of a pure zeolite-3A and b zeolite-3A: 1.3 wt% Eu phosphor sintered at 1400 °C for 3 h. ¢ XRD pattern of zeolite-3A: 1.3
wt% Eu phosphor sintered at 1400 °C for 3 h. d TG curves of pure zeolite-3A and zeolite-3A: 1.3 wt% Eu phosphor sintered at 1400 °C for 3 h
A
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atmosphere. The morphology and structure of zeolite-
3A: 1.3wt% Eu phosphor obtained at 1400 °C for 3h
are characterized by the field emission scanning elec-
tron microscope and X-ray diffraction measurements,
as shown in Fig. 1b, ¢, respectively. Figure 1b shows
that the particles exhibit irregular morphology struc-
ture and the distribution of the crystallite sizes is not
uniform. Comparing Fig. 1b with a, it can be found
that the particles of zeolite are aggregated with each
other after sintering at 1400°C for 3h. As can be
seen in Fig. 1c, all the diffraction peaks in XRD pat-
tern of zeolite-3A: 1.3 wt% Eu phosphor are in good
agreement with the pure zeolite-3A phase (JCPDS no.
00-019-1227), and no other impurity peaks are ob-
served. It means that Eu®* ions are successfully intro-
duced into the zeolite host lattices and a certain
amount of Eu®* ions doping do not obviously change
the crystal structure [10]. Figure 1d shows TG curves
of pure zeolite-3A and zeolite-3A: 1.3wt% Eu phos-
phor sintered at 1400 °C. It can be seen that there is
a continuous mass loss during heating up to about
266°C in TG curve for pure zeolite-3A, where it
reaches a value about 19.45%. This is corresponded to
the liberation of physically bound water localized in
the zeolite-3A cavities and channels [31]. The
phenomenon of mass loss is not obvious as increasing
temperature sequentially. As seen from TG curve of
zeolite-3A: 1.3wt% Eu phosphor sintered at 1400 °C,

there is almost no mass loss. These results indicate
that zeolite-3A: 1.3 wt% Eu sintered at 1400 °C is very
stable.

Figure 2 shows the SEM images and XRD patterns of
the zeolite-3A: 1.3 wt% Eu phosphors sintered at different
temperature. From the SEM images (Fig. 2a—d), it is clear
to observe that the morphology changes significantly with
the increase of the sintering temperature. When the sin-
tering temperature is relatively lower (600 °C and 800 °C),
the morphology of samples still keeps as the pristine zeo-
lite-3A, that is, in cubic shape with an average size of
1.5 um (shown in Fig. la). However, it can be observed
that the particles begin to aggregate when the sintering
temperature reaches 1000 °C and 1200 °C. As the sintering
temperature increases, the particles can continue to aggre-
gate and form massive structure (Fig. 1b). Meanwhile,
their XRD patterns are shown in Fig. 2e. It is noticeable
that the diffraction peaks of samples prepared at 600 °C
and 800 °C are not absolutely indexed to the pure zeolite-
3A standard card (JCPDS no. 00-019-1227). Two samples
exist extra diffraction peaks located at 12.5° and 16.3°,
which are assigned to the peaks of Eu,O3 (JCPDS no. 00-
012-0384). It means that Eu ions cannot be successfully
incorporated in the zeolite host lattices when the calcin-
ation temperature is lower than 800 °C [32]. Nevertheless,
the samples sintered at above 1000 °C show peaks corre-
sponding to the major characteristic peaks of pure zeolite-
3A standard card.
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Fig. 2 SEM images of zeolite-3A: 1.3 wt% Eu phosphors sintered at 600 °C (a), 800 °C (b), 1000 °C (c), and 1200 °C (d), respectively. @ XRD patterns
of zeolite-3A: 1.3 wt% Eu phosphors sintered at different temperatures, respectively

1400 °C
JJ. JJA MM

R~
D 1200 °C
; =. JA__AJL MM,
<
~ I A 1000 °C
R > A A
by
» I | | \ 800 °C
5 ; )
E Ll 600 °C
o L lL (1 N T

J JCPDS 00-019-1227
i .Y”? [l siflf ik svies @ il
10 20 30 40 50 60
2 Theta (degree)

To investigate the effect of calcination temperature
on PL emission, the PL emission spectra of the sam-
ples at different calcination temperatures are tested
and shown in Fig. 3a. As seen in the inset, the sam-
ples sintered at 600°C and 800 °C only show the red
emission peak centered at 617 nm which is attributed
to the D, — ’F, electric-dipole transition of Eu®*
ion [33]. As the sintering temperature increases, the
red emission peak becomes weak gradually and the
green emission peak (centered at 523 nm) is obviously
observed. Especially, the sample prepared at 1400 °C
mainly shows a typical characteristic Eu** emission
centered at 523 nm, which is due to the 4f°5d — 4f’
transition [34]. By comparing the different PL curves
in Fig. 3a, it can be observed that the amount of
Eu®* — Eu®* continuously increases with increasing
sintered temperature. This result coincides with that
of the XRD patterns in Fig. 2e. Namely, Eu®* ion is
the main form when the calcination temperature is
lower than 1000°C. Eu®* ions are gradually reduced

to Eu** ions when the sintering temperature is higher
than 1000 °C. Figure 3b shows the PLE and PL spec-
tra of the sample sintered at 1400 °C. It can be found
that the PLE spectrum shows a broad excitation band
between about 310 and 450 nm [7, 35]. And the inset
is the photograph showing a bright green light emis-
sion with the illumination of a 365-nm UV lamp. The
PL spectrum in Fig. 3b is consistent with the color
witnessed in the photograph.

In order to further investigate the oxidation state of Eu
element, the XPS pattern of Eu3d for the sample obtained
at 1400 °C is monitored and shown in Fig. 4. The peaks lo-
cated at 1165eV and 1135eV are corresponded to Eu®*
oxidation state, but the peaks around 1155eV and 1125
eV are attributed to Eu** oxidation state [11, 36]. This re-
sult shows that some of the Eu®* ions are reduced to Eu**
ions in the zeolite host under high-thermal treatment re-
action, and this result is consistent with the PL spectra
(Fig. 3). The possible reaction mechanism may be shown
in the following equations:

Intensity (cps) =

A em=7523 nm

A ox=365 nm
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Fig. 3 a PL emission spectra for zeolite-3A: 1.3 wt% Eu phosphors sintered at different temperatures, respectively. The inset shows the magnifying
spectra. b photoluminescence excitation (PLE) and photoluminescence (PL) emission spectra for zeolite-3A: 1.3 wt% Eu phosphors sintered at
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Fig. 4 XPS spectrum for Eu element of the zeolite-3A: 1.3 wt% Eu
phosphors sintered at 1400 °C for 3 h
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Ew0; = 2[Eu®] + 4V + 30y (1)
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[Bu®* ] +e—[Eu*] (3)
[Eu**] + e —[Eu*] (4)

Here, [Eu®*]x and [Eu®*]x represent Eu** and Eu®*
ions substitution for K" ions position, respectively; O,
represents the position of an oxygen for oxygen in the
matrix crystal; and Vi is the vacancy of K" ion. Super-
script “*,” “**” “*” and “x” indicate one positive charge,
two positive charges, one negative charge, and electro-
neutrality, respectively. During sintering, Eu®>* ion re-
places K" position in the zeolite. To keep the charge
balance, one Eu®* ion will substitute for three K* ions.
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Thus, two vacancy defects of K* ions (Vk) and one de-
fect of Eu®* ion ([Eu**]¢"), which carries one negative
charge and two positive charges in appearance, respect-
ively, will create in zeolite host (seen from Eq. (1)).
Then, the vacancy Vi will act as a donor of electrons
(seen from Eq. (2)), and the [Eu®*]” defect is the ac-
ceptor of the electrons. At high temperature, [Eu®]”
will capture one electron from the vacancy of K* ions
(Vi) and this electron will be filled into the 4f orbit of
Eu ion. Therefore, Eu®>* ion is reduced to Eu®* and
[Eu** ] defect becomes [Eu®] defect (seen from Eq.
(3)). At this time, the position of Eu®* ion is with appar-
ent one positive charge. [Eu**]i” defect would attract the
negative electron of another K' vacancy to the sur-
rounding of itself and becomes apparent electroneutral-
ity [Eu**]x* (shown in Eq. (4)) [11, 21, 22, 37-41].

It is suggested that the rigid three-dimensional tetrag-
onal framework of AlO, and SiO, can surround Eu?*
ions and insulate them from oxygen, and then, Eu** can
exist steadily in our aim phosphors.

To optimize the property of zeolite-3A: 1.3 wt% Eu
phosphors and observe the effect of Eu element on PL,
the PL emission spectra and relative PL intensity for dif-
ferent stoichiometric amounts of zeolite-3A and Eu,Os
are shown in Fig. 5. It can be seen from Fig. 5a that the
emission intensity of Eu>* increases with doping concen-
tration of Eu,Oj increasing from 0.9 to 1.3%. However,
it decreases with the continuous increase of the dopant
concentration. It can be observed clearly that the PL ef-
fect is the best when the Eu-doping concentration is
around 1.3%. It can be explained that the more Eu**
ions, the more luminescent centers. When the concen-
tration of Eu element is beyond 1.3%, the decrease of PL
intensity can be attributed to concentration quenching,
which is mainly caused by the energy transfer between
Eu®* ions. When the concentration of Eu®** ions in-
crease, the distance among Eu** ions will be short, and
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Fig. 5 a PL emission spectra and b the relative PL intensity vary with the concentration of Eu element for zeolite-3A: 1.3 wt% Eu phosphors (x =
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then, the energy transfer will increase [42—44]. The error
bar curve of relative PL intensity versus Eu-doping con-
centration is shown in Fig. 5b. It indicates that the
change range of relative PL intensity for each Eu con-
centration is small, meaning that these samples are very
repeatable.

As a proof of lighting application, the green-emit-
ting zeolite-3A: 1.3wt% Eu phosphor is encapsulated
on a UV-emitting chip to fabricate green LED. The
EL emission spectrum at 3V voltage is shown in
Fig. 6a. It can be found that the emission peaks of
the UV-emitting chip and the green-emitting phos-
phor are located at ~375nm and ~ 523 nm, respect-
ively. And the inset is the photograph of working
green LED that emits bright green light at 3V volt-
age. The color coordinates (Fig. 6b) is calculated to
be (0.295, 0.537) for the resulting green LED, indicat-
ing superior green color purity.

Conclusions

In this work, we have obtained a bright green emission
zeolite-3A: Eu®* phosphor with a quantum yield of about
36.6% and the emission peak located at 523 nm through a
green and eco-friendly high-thermal reaction method
without any reducing atmosphere. In addition, the sample
has a broad excitation band in the range of 310-450 nm,
which can be corresponded to the commercial UV-chip
excitation (actually, A =375 nm). Eu?* ions can be grad-
ually incorporated in the zeolite host lattices as the calcin-
ation temperature increases. Our research shows that the
optimum sintering temperature is 1400°C and the best
doping concentration of Eu ions is 1.3%. Making use of
the green-emitting zeolite-3A: Eu** phosphor encapsu-
lated on a UV-emitting chip, a good green LED with the

Commission Internationale de L’Eclairage (CIE) color co-
ordinates at (0.295, 0.537) and brightness of 231.6 cd/m>
is obtained. And the green emission zeolite-3A: 1.3 wt%
Eu phosphors with increasing luminescent properties will
be promising applications for lighting and display.
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