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a b s t r a c t

MgAl2O4:Eu,Dy nanoparticles were prepared by citrate sol–gel method and thermally treated at 600, 700,
800 and 900 �C. The trivalent europium ion is partially reduced to the divalent state at 700 and 800 �C.
Infrared spectra of the phosphors showed bands around 700 and 520 cm�1 corresponding to the AlO6

groups. X-ray diffraction patterns present sharp reflections of samples heated from 700 to 900 �C indicat-
ing the MgAl2O4 spinel phase. Grain size in the range 20–30 nm were observed by measurement of trans-
mission electron microscopy (TEM). The emission spectra of the phosphors show a broadened band at
480 nm assigned to the 4f65d? 4f7 (8S7/2) transition of Eu2+ ion overlapped to the 4F9/2 ? 6H15/2 transi-
tion of the Dy3+ ion. Besides, the 4F9/2 ? 6H13/2 transition (579 nm) of Dy3+ ion is overlapped with the
5D0 ?

7F0 (578 nm) and 5D0 ?
7F1 (595 nm) transitions from the Eu3+ ion. Excitation spectra of the sam-

ple heated at 900 �C monitoring the excitation at 615 nm of 5D0 ?
7F2 transition of Eu3+ ion exhibit a

broad band assigned to the O? Eu3+ ligand-to-metal charge-transfer states (LMCT) around 280 nm.
The samples present green persistent luminescence after exposure to UV radiation. The chromaticity
coordinates were obtained from the luminescence emission spectrum.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Persistent luminescent materials are part of everyday life, find-
ing large use in applications such as luminous paints, emergency
lighting, safe traffic, wall painting, films, artificial fibres, rubbers,
textiles ceramics, etc. Divalent europium doped alkaline earth alu-
minates have attracted interest in this field due to their long per-
sistent luminescence at the blue-green visible region [1,2]. This
property has not been well characterized yet, once it deals with
very complicated mechanisms and involves lattice defects (vacan-
cies, colour centers) as well as the possibility to have both corre-
lated and uncorrelated centers [3].

The effect of the trivalent rare earth ions RE3+ (such as Nd3+ or
Dy3+) as co-dopant in the oxygen vacancies should also be consid-
ered. If an electron is transferred from the trap (i.e., an oxygen va-
cancy close to the RE3+ ion) to the RE3+ ion, the RE2+ ion (or RE3+-e-
entity) could be formed [4]. In this case, the phosphors MAl2-
O4:Eu2+,RE3+ (M = Ca2+ and Sr2+) present excellent luminescent
properties like high brightness, long-lasting phosphorescence, high
quantum efficiency and great chemical stability. In addition, these
materials have another advantage over the traditional sulphide-
based phosphors as they lack radioactive elements [5–7].

Solid-state reactions have been widely used to obtain MAl2-
O4:Eu2+,Dy3+ (M = Ca2+ and Sr2+). However, long reaction time
(4–10 h) and high temperatures (1300–1500 �C) were required
[8,9]. Reducing atmosphere during heat treatments is also neces-
sary to reduce trivalent europium to the divalent state. Besides,
the phosphors synthesized by the solid-state routes generally pres-
ent large grain size. Nevertheless, luminescent properties are
greatly dependent on the grain size, leading to attractive properties
when the grain size decreases [10]. Therefore, sol–gel routes are
efficient alternatives as they offer better purity and homogeneity,
and can yield stoichiometric powders with smaller grain size par-
ticles at relatively lower processing temperature in comparison
with conventional solid-state reaction [11–13].

In this work, the photoluminescent properties of a magnesium
aluminate spinel based phosphor, MgAl2O4:Eu,Dy, prepared by cit-
rate sol–gel method were investigated, since the preparation of
persistent luminescent solids in softer conditions are desirable.

2. Experimental

The starting materials used in this work were Merck analytical
reagent grade magnesium nitrate, aluminum nitrate, citric acid and
ammonium hydroxide. Hydrated europium nitrate and dyspro-
sium nitrate were prepared from the oxides RE2O3 (RE = Eu3+ and
Dy3+) purchased from Aldrich (99.9%). The citrate sol–gel route
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used here was based on the method described by Jia et al. to pre-
pare MgAl2O4 spinel [14]. An aqueous solution of magnesium ni-
trate and aluminum nitrate in the molar ratio Mg/Al = 2.05,
europium nitrate and dysprosium nitrate in the molar ratio of
Eu/Mg = 1% and Dy/Mg = 2% was prepared. To this solution, citric
acid aqueous solution in the molar ratio of H3Cit/(Mg2+ + Al3+) = 1
was added, then ammonia added, drop by drop up to pH = 5. The
final solution was then evaporated slowly in a water bath to form
a viscous colloidal gel. The gel was heated at 120 and 240 �C for 3 h
in a muffle to form a black porous material. This precursor was fi-
nally calcined, in a crucible covered with a lid, at different temper-
atures (600, 700, 800 and 900 �C) for 5 h in air.

X-ray diffraction (XRD) patterns of the samples were recorded
on a Rigaku Miniflex diffractometer using Cu Ka radiation (30 kV
and 15 mA) from 2 to 90� and pass time of 1 s. Infrared (IR) spectra
of KBr pellets of samples were registered on a BOMEM MB 102
spectrometer.

Photoluminescence measurements were performed in a spec-
trofluorimeter SPEX-Fluorolog 2 with double grating 0.22 mmono-
chromators (SPEX 1680), and a 450W Xenon lamp as excitation
source. The excitation and emission spectra of the samples were
recorded at room and liquid nitrogen temperatures and collected
at an angle of 22.5� (front face). All spectra were recorded using
a detector mode correction.

The luminescence decay curves of the emitting levels and the
time resolved spectra were measured using a phosphorimeter
SPEX 1934D accessory coupled to the spectrofluorometer.

Transmission electron microscopy (TEM) images were regis-
tered on a LEO 906E microscope operating at 80 kV. Samples were

prepared by dispersing the fine powder with ethanol addition, fol-
lowed by ultrasonic agitation and depositing a droplet of suspen-
sion on a copper microscope grid covered with porous carbon film.

The chromaticity coordinates were obtained according to the
Commission Internationale de l’Eclairage (CIE) using a Spectra
Lux Software v.2.0 Beta [15].

3. Results and discussion

XRD patterns of samples calcined at 600, 700, 800 and 900 �C
for 5 h, in air, are shown in Fig. 1. As it can be seen, there is no dif-
fraction peak for the sample heated at 600 �C suggesting an essen-
tially amorphous character. On the other hand, sharp reflections
are observed in patterns of samples heated at 700 �C and above,
indicating almost complete crystallization in the MgAl2O4 spinel
phase. There is no evidence of any other aluminum or magnesium
phases, indicating that the doping with europium (1% mol) and
dysprosium (2% mol) ions has nearly no effect on the spinel phase
formation [16]. The XRD results were compared with data from the
JCPDS card No 21-1152.

IR spectra of samples heated at different temperatures are
shown in Fig. 2. In sample heated at 600 �C, bands in the region
of 1640–1410 cm�1 assigned to carboxylate groups are observed,
indicating the high content of carbonaceous material. The intensi-
ties of these bands decrease as the temperature of precursor prep-
aration increases. It is also observed that the bands around 700 and
520 cm�1, which correspond to the AlO6 groups building up the
magnesium aluminate spinel, display increased intensities with
rising temperature [17].

Transmission electron microscopy (TEM) was performed to
determine particle morphology, crystallite size, as well as homoge-
neity at nanometer scale. TEM images of MgAl2O4:Eu,Dy sample
prepared at 800 �C by citrate sol–gel method are shown in Fig. 3.
It revealed aggregates of nanoparticles in sphere-like form with
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Fig. 1. XRD patterns of MgAl2O4:Eu,Dy samples heated at different temperatures
for 5 h.
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Fig. 2. IR spectra of MgAl2O4:Eu,Dy samples heated at different temperatures for
5 h.
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grain sizes ca 20 nm. Average crystallite sizes determined by
Scherrer’s equation [16] were 28, 27 and 19 nm for the samples
annealing at 700, 800 and 900 �C, respectively. These results show
that values of average particle sizes of MgAl2O4:Eu,Dy system
determined by Scherrer’s equation are consistent with that ob-
tained by TEM technique (Fig. 3).

MgAl2O4:Eu,Dy sample heated at 600 �C presents no lumines-
cence under UV-lamp excitation (figure not shown). On the other
hand, the samples heated at 700 to 900 �C present green persistent
luminescence for some seconds, after interrupting long wavelength
UV-lamp (kex = 366 nm).

Nowadays, there are several inorganic materials that exhibit
persistent luminescence in literature; however, the mechanisms

to elucidate this phenomenon are often ambiguous [1,3,18]. Re-
cently, Holsä et al. [4] reported a new persistent luminescence
mechanism for the CaAl2O4:Eu2+,RE3+ system, based on the photo-
ionization of the electrons from Eu2+ to the conduction band fol-
lowed by the electron trapping to an oxygen vacancy, which is
aggregated with a Ca2+ vacancy and a RE3+ ion.

Excitation spectra of MgAl2O4:Eu,Dy materials prepared at 700,
800 and 900 �C (Fig. 4) were recorded under emission monitored at
480 nm assigned to the 4F9/2 ? 6H13/2 intraconfigurational transi-
tion of the Dy3+ ion overlapped with 4f65d? 4f7 (8S7/2) interconfig-
urational transition of Eu2+ ion. These spectra display a broad band
with maximum around 340 nm that corresponds to the 4f7(8S7/
2)? 4f65d transition [18,19]. The samples treated at 700 and
800 �C monitoring the emission at 615 nm (Fig. 4b) also display a
broad band with maximum around 340 nm, corresponding to
Eu2+ transition, and a group of sharp lines between 250 and
590 nm that are assigned to the intraconfigurational transitions
from 7F0 ground state to excited states of the Eu3+ ion [20–23].
However, the excitation spectra of sample heated at 900 �C moni-
toring the excitation at 615 nm of 5D0 ?

7F2 transition of Eu3+ ion
exhibit a broad band assigned to the O? Eu3+ ligand-to-metal
charge-transfer states (LMCT) around 280 nm (Fig. 4b).

The emission spectra of the samples treated at 700, 800 and
900 �C recorded in the spectral range from 450 to 750 nm, under
excitation at 340 and 396 nm (at 77 K) are shown in Fig. 5a and
b, respectively. The Fig. 5a shows a broadened band in the range
of 450 to 550 nm assigned to the 4f65d? 4f7 (8S7/2) interconfigura-
tional transition of Eu2+ ion [24,25] overlapped to the 4F9/2 ? 6H15/2

intraconfigurational transition of the Dy3+ ion around 480 nm un-
der excitation at 396 nm (insert Fig. 5a). Besides, the 4F9/
2 ?

6H13/2 transition (579 nm) of Dy3+ ion [26] is overlapped with
the 5D0 ?

7F0 (578 nm) and 5D0 ?
7F1 (595 nm) transition from

the Eu3+ ion. On the other hand, the hypersensitivity 5D0 ?
7F2

transition peak is the most intense one when recorded under
excitation at 396 nm of Eu3+ ion (Fig. 6b). In these spectra, the

Fig. 3. TEM image of MgAl2O4:Eu,Dy sample heated at 800 �C for 5 h, with scale
0.10 lm.
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Fig. 4. Excitation spectra of MgAl2O4:Eu,Dy samples heated at 700, 800 and 900 �C monitoring the emission at 480 (a) and 615 nm (b).
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transitions 5D0 ?
7F3 and 5D0 ?

7F4 are observed around 665 and
710 nm, respectively. As it can be seen, the emission spectrum of
the MgAl2O4:Eu,Dy phosphor annealed at 900 �C exhibits only
the 5D0 ?

7F0, 5D0 ?
7F1, 5D0 ?

7F2 5D0 ?
7F3 and 5D0 ?

7F4 transi-
tion arising from the trivalent europium ion, with the hypersensi-
tivity 5D0 ?

7F2 transition dominant. It is observed that when this
phosphor is prepared by citrate sol–gel method and thermally
treated the Eu2+ ion oxidizes to the trivalent state with the increas-
ing of the temperature (700, 800 and 900 �C). The presence of in-
tense peak assigned to hypersensitive 5D0 ?

7F2 transition at
615 nm indicates that there is no inversion center around Eu3+

ion in sample heated at 900 �C.

The emission spectra of the phosphor materials recorded under
excitation at 340 nm (Fig. 5b) show the same electronic transitions
in the Fig. 5a. However, in the spectra of the compounds calcinated
at 700 and 800 �C, the 4F9/2 ? 6H13/2 transition (579 nm) of Dy3+

are more intense than the hypersensitivity 5D0 ?
7F2 transition of

Eu3+ ion suggesting that the energy transfer for dysprosium is more
efficient.

According to luminescence spectra, the reduction from trivalent
europium to the divalent state is favored at 700–800 �C. The sys-
tem heated at 900 �C contains a smaller amount of Eu2+ ion and
the persistent luminescence is not as intense as the others ob-
served with the material heated at lower temperatures.
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Fig. 5. Emission spectra of MgAl2O4:Eu,Dy samples heated at 700, 800 and 900 �C under excitation at 340 (a) and 396 nm (b).
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In Fig. 6a an increase of emission intensity of the 5D0 ?
7F2

hypersensitive transition with the increasing of delay time was ob-
served. Time resolved spectra of sample heated at 700 �C (Fig. 6a)
suggest the presence of multiple local symmetry sites around
Eu3+ ion. One of sites presents the hypersensitive 5D0 ?

7F2 transi-
tion (forced electric dipole) as more prominent emission than
5D0 ?

7F1 transition. Since the intensity of the magnetic dipole
transition 5D0 ?

7F1 is relatively insensitive to the chemical envi-
ronment around of the Eu3+ ion, so that it may be used as the inter-
nal standard (reference transition).

Colour purity can be visualized in the chromaticity diagram
(Fig. 7), as blue, red, and green vertex regions, with the emission
colour coordinates of the luminescent material. The CIE (Comission
Internacionale de l’Eclairage) chromaticity diagram of MgA-
l2O4:Eu,Dy samples at different temperatures were obtained using
a Spectra Lux Software v.2.0 Beta [15]. For any given colour there is
one setting for each three numbers X, Y and Z known as tristimulus
values that will produce a match [27,28]. Based on emission spec-
tra of MgAl2O4:Eu,Dy samples, the (x,y) colour coordinates were
determined with the following values (x,y) = (0.44,0.32),
(0.51,0.33) and (0.59,0.34) for the samples heated at different tem-
peratures 700, 800 and 900 �C, respectively.

Fig. 7 shows that the colour shifts from bluish to reddish along
with the variation of temperature from 700 to 900 �C. The sample
at 700 �C exhibits non-monochromatic colour due to the presence
of emission bands simultaneously arising from Eu2+ and Eu3+ ions
[29].

4. Conclusion

The citrate sol–gel method is a good alternative route to the
synthesis of MgAl2O4:Eu,Dy nanoparticles. XRD patterns indicated
that the samples heated from 700 to 900 �C present almost com-
plete crystallization in the MgAl2O4 spinel phase. By this method,
Eu3+ ion is partially reduced to the divalent state during the calci-

nation process due to the presence of carbonaceous material in the
precursor. The solids heated at 700 and 800 �C present green per-
sistent luminescence around 30 s after exposure to UV radiation.
TEM images of MgAl2O4:Eu,Dy sample prepared at 800 revealed
aggregates formed by sphere-like nanoparticles with grain sizes
distributed around 20 nm.

The MgAl2O4:Eu,Dy phosphors show an emission band at 480
nm assigned to the 4f65d? 4f7 (8S7/2) transition of Eu2+ ion over-
lapped to the 4F9/2 ? 6H15/2 transition of the Dy3+ ion. Besides,
the 4F9/2 ? 6H13/2 transition (579 nm) of Dy3+ ion is overlapped
with the 5D0 ?

7F0–1 transitions from the Eu3+ ion. Excitation spec-
tra of sample heated 900 �C with emission monitored at 615 nm of
hypersensitive 5D0 ?

7F2 transition of Eu3+ ion exhibits the broad-
en band assigned to the O? Eu3+ ligand-to-metal charge-transfer
states (LMCT) around 280 nm. It was observed that with an
increasing of temperature, the colour shifts from bluish (700 �C)
to reddish colour (900 �C), according to chromatic coordinates.
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