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a b s t r a c t

BaMgAl10O17:Eu2+ nanorods were synthesized by sol–gel technique, and their luminescent properties
were investigated upon the irradiation of vacuum ultraviolet (VUV) light. By introducing surfactant cetyl-
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tri-methyl-ammonium bromide (CTAB) in sol–gel process and additional Mg2+ in the raw materials, the
emission intensity and thermal stability of the nanophosphor were both enhanced. The above improve-
ments made it possible that the nanosized BAM phosphor could be a good alternative for PDP application.

© 2010 Elsevier B.V. All rights reserved.
ptical properties
uminescence

. Introduction

BaMgAl10O17:Eu2+ (BAM) has been regarded as the best blue-
mitting phosphor for fluorescent lamps, plasma display panels
PDPs) and Hg-free lamps due to its high luminance efficiency and
ood color purity under ultraviolet (UV) and vacuum ultraviolet
VUV) excitation [1]. Recently, intense research activity has been
ocused on nanoscaled BAM phosphor since it is beneficial to obtain
he miniature display device with higher resolution [2–4]. How-
ver, the emission intensity of the current BAM nanophosphor is
uch lower than that of the bulk, and it still suffers from the degra-

ation during the baking process in PDP manufacturing, which
ould greatly reduce the emission efficiency of BAM phosphor

5,6]. Therefore, further improvements are necessary for nanosized
AM.

In our previous work [7], BAM nanorods with good size distribu-
ion were successfully synthesized by sol–gel method. But the VUV
uminescent intensity of the nanophosphor is only about 78.15%
f that of the commercial BAM phosphor (kx-501). In the systems
f ZnO and ZnSiO4:Mn, it was found that the addition of cetyl-

ri-methyl-ammonium bromide (CTAB) in sol–gel process could
mprove their luminescent intensity attributing to the interaction
etween CTA+ and anionic group [8–11]. Moreover, the doping of
g2+ to substitute Al3+ in the bulk BAM could effectively restrain
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the thermal degradation [12]. Hence in this work, we synthesized
Mg2+ doped BaMgAl10O17:Eu2+ nanophosphor by CTAB assisted
sol–gel technique, and explored its photoluminescence under VUV
excitation.

2. Experimental

The starting materials Eu2O3 (99.99%), Al(NO3)3·9H2O (99.0%), Ba(NO3)2 (99.5%)
and Mg(NO3)2·6H2O (99.0%) were weighted as the nominal composition of
Ba0.9Mg(Al1−xMgx)10O17−5x:0.1Eu2+. Then, citric acid with a 2:1 mole of citric acid to
Al3+ ratio were dissolved in deionized water and the pH value was adjusted to 3 by
NH3·H2O. And then a stoichiometric amount of starting materials was dissolved in
the citric solution. After that, CTAB was added in the solution with stirring about half
an hour. Subsequently, the pH value of the solution was adjusted to 5 and heated
to 60 ◦C with ceaselessly stirring for half an hour to gain the sol. The sol was placed
in room temperature for about 40 min in succession. Then it was dried in a muffle
oven at 120 ◦C, and the volume of the gel expanded greatly and the puffy and porous
dried gel was obtained. After the gel was ground in an agate mortar, it was sintered
at 1000 ◦C for 2 h in air and at 1300 ◦C for 4 h in a reducing atmosphere (5% H2/N2

gas mixture).
The X-ray diffraction (XRD) patterns were obtained on a Rigaku D/max-2400 X-

ray diffractometer. The morphology of the powders was examined by transmission
electron microscopy (TEM) with a Hitachi H-800 transmission electron microscope
using an accelerating voltage of 100 kV. The emission spectra were measured by
FLS-920T fluorescence spectrophotometer with a VM-504-type vacuum monochro-
mator. All measurements were carried out at room temperature.

3. Results and discussion
The crystallinity and phase purity of the as-prepared samples
were examined by XRD. Fig. 1 gives the typical XRD patterns
of Ba0.9Mg(Al0.96Mg0.04)10O16.8:0.1Eu2+ phosphor synthesized by
sol–gel process with 2% CTAB added. The diffraction peaks can be
indexed and match well with JCPDs file of BAM (Joint Committee

dx.doi.org/10.1016/j.jallcom.2010.09.023
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. Typical XRD patterns of Ba0.9Mg(Al0.96Mg0.04)10O16.8:0.1Eu2+ phosphor syn-
hesized by sol–gel process with 2% CTAB added; the inset is the TEM image of the
ample.

or Power Diffractions Standards, No. 26-0163). The result indicates
hat the sample is pure phase, which have �-alumina structure cor-
esponding to the space group P63/mmc. All of the other samples
oped with different concentration of CTAB and Mg2+ are also char-
cterized to be single phase. On the contrary for sol–gel technique,
he presence of intermediate which brought on impurities in the
roduct was identified in conventional solid-state reaction even at
he temperature of 1600 ◦C [13].

The microstructure of the particle was revealed by TEM. The
ypical TEM image of the sample (doped with 4% Mg and 2% CTAB) is
hown in the inset of Fig. 1. It exhibits rod-like morphology with the
ize of 50–100 nm in diameter and 300 nm in length. The particles

re homogeneous, which could be convenient to coat the panel
uring the manufacture of PDPs [11].

Fig. 2 shows the emission spectrum of BAM nanorods doped
ith 2% CTAB (�ex = 147 nm). The emission spectrum presents a

road band locating at about 452 nm, which attributes to the

ig. 3. Relative emission intensity of Ba0.9Mg(Al1−xMgx)10O17−5x:0.1Eu2+ (0 ≤ x ≤ 0.06) n
nnealing (�ex = 147 nm).
Fig. 2. Emission spectrum of BAM nanorods doped with 2% CTAB by 147 nm excita-
tion; the inset is the relative emission intensity of the nanophosphors with different
concentration of CTAB.

4f65d → 4f7(8S7/2) transition of Eu2+ [14]. The band is of asymmetri-
cal distribution which relates to the different sites that Eu2+ occupy
in BAM. By Gaussian fitting the VUV emission spectrum, three peaks
are found locating at 446 nm, 477 nm and 517 nm, respectively, cor-
responding to the emission of Eu2+ in the sites of BR, a-BR and spinel
layer [15–17]. To probe into the influence of CTAB on VUV emission
intensity, the luminescent properties of the nanorods with different
concentration of CTAB are depicted under 147 nm excitation. From
the inset of Fig. 2, it can be seen that the addition of CTAB evidently
enhances the relative intensity of the nanophosphor. The optimum
concentration of CTAB is determined to be 2%, which heightens
the original emission intensity about 16%. This phenomenon could
be interpreted by the inherent function of the surfactant CTAB; it

could not only reduce the surface tension of solution and lower the
energy to form a new phase, but also eliminate the defect states
through chemical interaction between surfactants and inorganic
species during the synthesis [8–10].

anophosphors synthesized by % CTAB assisted sol–gel technique before and after
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ig. 4. FWHM and y value of color coordinates of the samples synthesized with 2%
TAB and different concentration of Mg2+.

As we know, the blue phosphor BAM could be jeopardized by
he thermal degradation when heated at about 550 ◦C. The relative
mission intensity of the above CTAB-prepared nanorods is valued
fter a heat-treatment of 550 ◦C for 1 h in air condition. Their dete-
ioration ratios are 25.3% (0% CTAB), 24.4% (2% CTAB), 24.9% (4%
TAB) and 25.5% (6% CTAB), respectively. So the addition of CTAB

n the sol–gel process does not affect the thermal stability of the
AM nanorods.

For the purpose of getting BAM nanophosphor with high emis-
ion intensity and good thermal stability, Mg2+ was introduced in
he host on the basis of adding 2% CTAB. Fig. 3 presents the rela-
ive emission intensity of BAM nanophosphors with the variation
f doping Mg2+ before and after annealing (�ex = 147 nm). It can
e obviously found that the addition of Mg2+ in the sites of Al3+

ould further enhance the emission intensity of BAM nanophosphor
efore and after annealing. The optimum concentration of Mg2+ is
%. On one hand, due to Mg–O has absorption in VUV region, the
oping of additional Mg2+ could enhance the emission intensity of
AM phosphor [11]. On the other hand, since the substitution of
g2+ for Al3+ is a substitution of lower valence cations for higher

alence cations, considering the charge compensating mechanism,
nion vacancies or interstitial cations must be generated in the beta
lumina structure. These defects play roles on the quenching cen-
ers and decrease the emission intensity. As a result, the optimum
oping concentration of Mg2+ is affected by the above two reasons.
he thermal degradation of the optimum nanophosphor (with the
ddition of 2% CTAB and 4% Mg) is calculated to be 18.5%, which
ay be compared to a value of 6% with a nanophosphor synthesized
ith only 2% CTAB.

To analyze the improvement of the thermal stability, the
hanges of full-width at half-maximum (FWHM) and y value of
olor coordinates of the samples synthesized with 2% CTAB and
ifferent concentrations of Mg2+ are shown in Fig. 4. As mentioned

n Fig. 2(a), the emission spectrum of BAM is composed of three
mission bands which correspond to Eu2+ in different sites of Ba2+.
ith the variation of the distribution of Eu2+ in the three sites,

he color coordinates and FWHM could change synchronously. As
result, the variations in Fig. 4 reflect the lattice environment of

u2+ is changed by doping Mg2+. The y value of the emissions for
u2+ in three sites is different that it decreases with decreasing
avelength. Therefore, the decrease of y value with increasing the

oping concentration of Mg2+ (as shown in Fig. 4) indicates that
u2+ migrate from the sites emitting long wavelength (spinel block)
o those emitting short wavelength (mirror layer). Associated with
he consideration that the migration of Eu2+ in BAM from mirror
lanes to spinel blocks is another essential mechanism of the ther-
Fig. 5. Emission spectra of BAM samples: (a) commercial phosphor, before anneal-
ing, (b) optimum nanorods, before annealing, (c) commercial phosphor, after
annealing, and (d) optimum nanorods, after annealing (�ex = 147 nm); the inset is
the columnar graph of the emission intensity.

mal degradation besides the oxidation of Eu2+ to Eu3+ [18], the
introduction of Mg2+ to substitute Al3+ will certainly improve its
thermal stability.

Therefore, the optimum nanoscaled BAM is that synthesized
by 2% CTAB assisted sol–gel method with 4% Mg2+ doped. The
comparison between the optimum nanorods and commercial BAM
phosphor (kx-501) on emission intensity and thermal stability are
illustrated in Fig. 5 (�ex = 147 nm). Before annealing, the lumi-
nescence intensity of the nanorods is nearly 92% of that of the
commercial phosphor. After annealing, the luminescence intensity
of the nanorods is nearly 97% of that of the annealed commer-
cial phosphor. These data reflect that the thermal stability of the
nanorods is superior to that of the commercial phosphor.

4. Conclusions

Ba0.9Mg(Al1−xMgx)10O17−5x:0.1Eu2+ nanorods were synthe-
sized by CTAB assisted sol–gel method. The emission intensity and
thermal stability of the nanorods under 147 nm excitation were
successfully enhanced through introducing CTAB and additional
Mg2+. The optimum BAM nanorods approached to the commercial
blue phosphor on emission intensity, and exhibited better thermal
stability than the latter. All of the results indicated that the BAM
nanorods could be potentially applied in high resolution plasma
display panels.
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