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a b s t r a c t

A BaMgAl10O17:Eu2+ phosphor with fine particle size was synthesized by a chemical co-precipitation
method. Co-precipitation of Ba2+, Al3+, Mg2+, and Eu2+ was achieved under precisely controlled precipita-
tion conditions. The Al3+ ions were precipitated as ammonium aluminum carbonate hydroxide (AACH).
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Phase transition and particle growth processes of the precipitate mixture during calcining process were
investigated, and the formation mechanism of the BaMgAl10O17 phase was discussed. The results show
that the formation temperature of the BaMgAl10O17 phase in the co-precipitation mixture was signifi-
cantly lower than that of a high temperature solid state reaction method. The BaMgAl10O17 phase was
formed from the reaction between the BaAl2O4 phase and �-Al2O3 phase; no �-Al2O3 phase appeared
during the entire process. Well-dispersed BaMgAl10O17:Eu2+ phosphor powder in the form of hexagonal
flakes with small particle size (1–2 �m) could be prepared by this method.
. Introduction

Eu2+ activated barium magnesium aluminate blue phosphor
BaMgAl10O17:Eu2+, BAM) is used for plasma display panel (PDP)
nd fluorescent lamps due to its high efficiency and excellent color
oordinates. The BAM phosphor has been an important focus in the
eld of luminescent materials [1–7].

The particle size and morphology of phosphors have become
ore important properties besides luminescence efficiency thanks

o the increasing demand of high resolution displays. In the case
f PDP, the reduction of particle size of phosphor can increase
he area of actual light-emission, which improves efficiency. Com-

ercial BAM blue phosphor for PDP is usually prepared by the
igh-temperature solid state reaction method, i.e., mixing �-Al2O3,
gO, BaCO3, Eu2O3 and fluxes together, and calcining in a reducing

tmosphere at 1500–1600 ◦C. Phosphors made by this method have
o be sintered, and coarse particles need to be treated by milling,
hich damages luminescence performance. So far, BAM blue phos-
hor with both excellent luminescence properties and particle size

ess than 3 �m is not commercially available.

The performance of phosphors is not improved beyond a cer-

ain size reduction. Phosphor particles such as nanophosphors have
oor luminescence performance because of the non-negligible pro-
ortion of an inactive surface layer. Similarly, phosphor particles
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which have many defects such as grain boundaries are not a good
option, either. Optimal phosphor particles should have a particle
size of 1–2 �m [8,9], be well-crystallized (preferably single crystal
particles), and have a good dispersion in the slurry.

New synthesis methods have been developed in recent years
to reduce the particle size of the aluminate phosphors and also
to improve the particle morphology [10–25]. Sol–gel technique
was introduced to obtain fine phosphor particles; Wang et al. pre-
pared BAM nanorods by this method [11]. In addition, Wang et al.
applied a nanocoating process to synthesize homogeneous BAM
phosphor with high luminescence intensity [13]. Chen et al. pre-
pared pure and well-crystallized BAM nanoscale blue phosphors
by the microwave-induced solution combustion synthesis method
[14]. Compared with these methods, the chemical co-precipitation
method is more promising in achieving small and well-crystallized
phosphor particles [26,27], and is already commercialized in the
preparation of Y2O3:Eu3+ phosphor.

However, there are great difficulties when synthesizing alu-
minate phosphors by the chemical precipitation method. One
challenge is the problem of the precipitation state of Al3+. These
ions readily precipitate in the form of �-AlO(OH) boehmite, which
turn to a hard agglomerated mass after calcining or even only after
drying. The final particles sinter together with an irregular shape.

Particle agglomeration is much more severe than that achieved
by a high-temperature solid state method. Except for the obsta-
cle of the precipitation state of Al3+, the precipitates are likely
to be transformed into nanoparticle aggregates. A phosphor pre-
pared from the nano particles has poor luminescence performance

dx.doi.org/10.1016/j.jallcom.2010.12.127
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dongyan@seu.edu.cn
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Fig. 2. SEM photograph of the precipitates.

The dried precipitates were calcined at 400, 600, 700, 800, 900,
1000, 1100, 1200, and 1300 ◦C for 1 h, and the products were
analyzed by XRD, as shown in Fig. 4. Here, “©” represents the

Table 1
Composition of the precipitates determined by EDS analysis.

Element
Fig. 1. XRD pattern of the precipitates.

ecause of the presence of surface layers and boundaries in large
uantities.

In this study, the precipitates and the high-temperature calcin-
ng process of a chemical co-precipitation method for BaMgAl10O17
hase are investigated, and the preparation of the BAM phosphor
ith small particle size as well as high luminescence efficiency is

eported.

. Materials and methods

The reagents Al(NO3)3·9H2O (spectral purity), Mg(NO3)2 (analytical grade),
a(NO3)2 (analytical grade), and Eu2O3 (99.999%) powders were weighed accord-

ng to the stoichiometry of Ba0.95Eu0.05MgAl10O17, and were dissolved in de-ionized
ater to prepare a solution containing metal ions. A solution of 2–3 mol/L NH4HCO3

analytically pure) was prepared with de-ionized water, and NH4F was added to
he solution [0.2–0.4 g NH4F per 100 g Al (NO3)3·9H2O]. The NH4HCO3 solution was
eated at 20–50 ◦C while controlling the pH value at 8–10. The metal ion solution
as added into the NH4HCO3 solution in drops while stirring. The precipitate was

entrifuged, and the supernatant was discarded. A light loose white powder could
e obtained after drying the precipitate.

The BaMgAl10O17:Eu2+ phosphor was prepared by calcining the white precip-
tate powder at 1200 ◦C for 1 h, reducing the fired powder at 1400–1500 ◦C in a

eakly reducing N2–H2 atmosphere for 2–3 h, and then dispersing the powder by
eak milling. Weak milling slightly changed the luminescence efficiency.

The structures of the precipitates and the calcined powder samples were charac-
erized by X-ray diffraction (Shimadzu, XD-3A) with Cu K�. The particle morphology
f the precipitate and the phosphor were inspected using a field emission scanning
lectron microscope (FEI, Sirion-400). The energy dispersive X-ray spectra (EDS)
ere also obtained using this instrument. The emission spectra were obtained on a

DP-VUV fluorescence spectroradiometric system (SENSING Instruments). The par-
icle size distribution was measured by a laser particle size analyzer (Jinan Winner,
000A).

. Results and discussion

.1. Precipitation forms of Al3+, Ba2+, and Mg2+

During the co-precipitation of Al3+, Ba2+, Mg2+ and Eu3+ ions,
eed concentration, precipitant concentration, temperature, and
H value were important factors. The parameters of the co-
recipitation reaction were similar to those of the preparation of
mall particle size A2O3 powder, only stricter. A more detailed
nformation can be seen in previous reports [28,29].

The X-ray diffraction pattern of the precipitates is shown in
ig. 1, in which “©” represents the AACH phase (JCPDS 76-1923),“�”
epresents the BaCO3 phase (JCPDS 71-2394), and “�” represents

he Mg5(CO3)4(OH)2·4H2O (JCPDS 25-0513) phase. As indicated in
ig. 1, Al3+ ions were precipitated as AACH, and the Ba2+ ions existed
s BaCO3. Diffraction peaks of the precipitation phase of Eu2+ were
ifficult to identify because of its low content.
Fig. 3. EDS spectrum of the precipitates.

Diffraction peaks of the precipitation phase of Mg2+ ions were
also difficult to identify. The content of Mg was small, and the
two main diffraction peaks of Mg5(CO3)4(OH)2·4H2O overlapped
with two diffraction peaks (2� = 15◦, 31◦) of AACH. The precipita-
tion phase of Mg2+ was verified by experiments on precipitating
Mg2+ alone with the same parameters.

Fig. 2 is the SEM photograph of the precipitates. The co-
precipitation product mostly consisted of rod-like particles, and
had spherical particles among the rod-like particles. The diame-
ter of the rod was approximately 60–80 nm. The rod-like particles
were AACH [28].

Fig. 3 and Table 1 are the EDS results of the precipitates. Ele-
mental Mg was found in the EDS spectrum; however, the existence
of Eu could not be proven since its content was extremely low.

3.2. Phase transformation during the calcining process
C N O F Mg Al Ba Eu

Wt% 13.04 03.18 49.84 01.47 01.76 22.67 07.58 00.47
At% 19.83 04.14 56.89 01.41 01.33 15.34 01.01 00.06
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Fig. 4. XRD patterns of samples of calcining the precipitates at different tempera-
tures.

Fig. 5. SEM photographs of samples of calcining the precipitates at (a) 600 ◦C, (b)
mpounds 509 (2011) 3638–3643

BaMgAl10O17 phase (JCPDS 26-0163), “�” represents the BaCO3
phase (JCPDS 71-2394), “�” represents the �-Al2O3 phase (JCPDS
10-0425), and “�”’ represents the BaAl2O4 phase (JCPDS 17-0306).

The AACH phase decomposed when calcining the
precipitates at 400 ◦C. The reaction that took place is
2NH4AlO(OH)HCO3 → Al2O3 + 2CO2 ↑ + H2O ↑ + NH3 ↑ . The vol-
ume of the sample was significantly reduced due to the loss
of NH3, H2O and CO2. Alumina existed as an amorphous
state at this temperature. Only diffraction peaks of the BaCO3
phase were found. No phases with Mg appeared in the XRD
pattern.

An unexpected phenomenon occurred when calcining the pre-
cipitates at 600 ◦C because no obvious diffraction peaks were found.
The precipitation phase of Al3+ was amorphous alumina just as it
existed at 400 ◦C. The BaCO3 phase disappeared, however, and no
other phases of Ba2+ or Mg2+ were found. Mg might exist within the
amorphous alumina. Chen and Yan reported a similar state when
they calcined BAM samples at 800 ◦C using a sol–gel route [17]. The
diffusion mechanism and the status of Ba and Mg were currently
unclear.
BaAl2O4 phase and �-Al2O3 phase were found in the sample
calcined at 700 ◦C. This indicated that Ba and Al2O3 began to react
at this temperature. The amorphous alumina also started to trans-
form to the �-Al2O3 phase, which is a crystal with poor crystallinity
and many defects [30,31]. The diffraction peaks attributed to the

900 ◦C, (c) 1000 ◦C 10000×, (d) 1000 ◦C 20000×, (e) 1100 ◦C, and (f) 1200 ◦C.
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proportion of BaMgAl10O17.
Y. Dong et al. / Journal of Alloys a

aAl2O4 phase became stronger as the temperature increased, but
ew phases were detected in the samples till 900 ◦C.

BaMgAl10O17 phase (JCPDS 26-0163) was formed when the pre-
ipitates were calcined at 1000 ◦C. The BaAl2O4 phase and �-Al2O3
hase coexisted with the BaMgAl10O17 phase at this temperature.

The intensity of the diffraction peaks of BaMgAl10O17 phase
ncreased after calcining at 1100 ◦C, and while the intensity of
aAl2O4 phase and �-Al2O3 phase decreased. The BaMgAl10O17
articles gradually formed, and the amount of BaAl2O4 and �-Al2O3
ecreased because of the reaction. Some BaAl2O4 phase and �-
l2O3 phase remained at this temperature, which meant that the
eaction was not completed yet.

The diffraction peaks of the BaAl2O4 phase and �-Al2O3 phase
isappeared in the sample calcined at 1200 ◦C. Pure BaMgAl10O17
hase was formed at this temperature. No changes could be
bserved when the temperature was increased to 1300 ◦C or higher.

Compared with the phase transformation process of the con-
entional high temperature solid state reaction method [29], the
rocess of co-precipitation method showed large differences:

1) The synthesis temperature of the BaMgAl10O17 phase was
lowered by about 200 ◦C, which was related to the uniform
composition and the addition of F− ions. Lower synthesis tem-
perature greatly reduced the particle agglomeration during the
high-temperature process. It was beneficial for preparing a BAM
phosphor of small particle size.

2) The BaMgAl10O17 phase was formed directly from the reaction
between the BaAl2O4 phase and �-Al2O3 phase (with Mg), and
no �-Al2O3 phase appeared during the entire synthesis process.
While in the high-temperature solid state reaction process, Ba,
Mg, and Eu diffused into �-Al2O3 particles with the assistance
of a flux. Therefore, the size, morphology, and reaction activity
of �-Al2O3 particles were essential on the final performance of
the BAM phosphor [29]. However, there was no �-Al2O3 phase
in the co-precipitation process.

.3. Variation of the particle morphology during calcining process

The SEM photographs of samples after 600, 700, 900, 1100, and
200 ◦C calcining are shown in Fig. 5. Rod-like particles no longer
xisted when the precipitates were calcined at 600 ◦C, but were
eplaced by an amorphous state. Combining with the XRD analysis
rom the previous section, the sample appears to be amorphous
lumina with Ba and Mg.

The particle morphology changed in the sample calcined at
00 ◦C. Many small, round particles were present on the surface
f the big particles. However, the big particles still did not have
ny crystalline morphology. The BaAl2O4 phase and �-Al2O3 phase
ere formed at 900 ◦C, according to the XRD from the previous

ection.
Most particles retained their shape after calcining at 1000 ◦C.

owever, a small amount of flaky particles appeared at this tem-
erature, as shown in Fig. 5(d). These flaky particles are the grains
f the BaMgAl10O17 phase, according to the XRD pattern. This indi-
ates that the nucleation of BaMgAl10O17 phase already began at
000 ◦C.

A large number of flaky particles with regular hexagonal shape
ppeared at 1100 ◦C. The XRD analysis confirms that the main phase
as BaMgAl10O17 at this temperature. A small quantity of BaAl2O4
hase also remained. Therefore, the hexagonal flaky particles are
aMgAl10O17. When the calcining temperature was increased to

200 ◦C, the shape and the size of BaMgAl10O17 particles were
lightly changed.

The BaMgAl10O17 particles prepared by this method were
pparently smaller than those produced by the high tempera-
ure solid state method. No serious agglomeration occurred in the
Fig. 6. EDS spectrum of the sample of calcining the precipitates at 1200 ◦C.

powder. The mean size of BaMgAl10O17 particles could be easily
dispersed to 1–2 �m, which is a significant improvement compared
with the traditional method.

Fig. 6 shows the EDS spectrum of the sample calcined at 1200 ◦C,
in which Al, Mg, Ba, Eu, and F were examined. The existence of ele-
mental Eu could also be verified by the luminescence of the reduced
sample, because Eu is the source of luminescence in BAM phosphor.
Table 2 reveals the element ratio of the sample estimated by EDS, in
which the ratio of Al, Mg, and Ba corresponded to the stoichiometric
Fig. 7. Schematic diagram of the formation of the BaMgAl10O17 phase.
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Table 2
Composition of the 1200 ◦C calcined sample determined by EDS analysis.

Element

O F Mg Al Ba Eu

Wt% 32.60 00.14 03.55 40.69 21.60 01.41
At% 52.70 00.19 03.78 39.01 04.07 00.24
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ig. 8. Emission spectra of BAM phosphor prepared by (a) co-precipitation method
nd (b) high-temperature solid state method.

.4. Formation mechanism of the BaMgAl10O17 phase

As shown in Sections 3.2 and 3.3, the formation process of BAM
hosphor prepared by the co-precipitation process was very dif-
erent from that of the conventional high-temperature solid state

ethod. Considering the phase transformation process and the
ariation of the particle morphology, a possible formation mecha-
ism of the BaMgAl10O17 phase was given, as shown in Fig. 7.
The precipitates first decomposed and turned into a uniform
tate after calcining. This is a state of amorphous alumina with Mg2+

nd Ba2+ distributed in it.
The amorphous Al2O3 converted to the �-Al2O3 phase as the

alcining temperature was increased. The �-Al2O3 phase is a crystal

Fig. 9. Particle size distributio
mpounds 509 (2011) 3638–3643

with many defects [20,21]. The Mg2+ might exist in �-Al2O3 in one
form or another, for example, trapped in the defects. The Ba2+ and �-
Al2O3 started to react, and the BaAl2O4 phase was formed. The size
of the BaAl2O4 particles was small, measuring up to only dozens of
nanometers. As a result, the distances between Al3+ ions, Mg2+ ions
and BaAl2O4 particles were short, which ensured high reactivity.

When the calcination temperature reached around 1000 ◦C,
BaAl2O4 particles reacted with the surrounding Al3+ ions and Mg2+

ions, i.e., the nucleation of the BaMgAl10O17 crystal started. The
BaMgAl10O17 particles grew gradually, and the amount of BaAl2O4
and �-Al2O3 decreased due to the reaction. The reaction ceased
when the temperature was increased to 1200 ◦C.

During the above-mentioned BaMgAl10O17 formation process,
the mass transfer distance was very short and the nucleation rate
was very high. The temperature range of the nucleation and growth
BaMgAl10O17 crystals by the co-precipitation method was nar-
row. Numerous grains nucleated and grew simultaneously. The
growth of BaMgAl10O17 grains ended when one of the reactants
was exhausted, such as BaAl2O4 or �-Al2O3. The grain size slightly
changed when the calcining temperature was increased.

The situation is quite different in a high temperature solid state
reaction process. In this case, the Ba in BaCO3 particles and Mg in
MgO particles diffuse into surrounding �-Al2O3 particles [22,23].
Long-distance diffusion needs extremely high temperature and
long reaction time. In most cases, it needs the assistance of a
flux, which will introduce a liquid phase and will result in seri-
ous agglomeration. For this reason, BAM phosphor prepared by the
high-temperature solid state method usually has coarse particles.

Moreover, the two methods are different in the formation mech-
anism of the BaMgAl10O17 crystal.

The BaMgAl10O17 phase is a typical �-Al2O3 structure. The unit
cell of BaMgAl10O17 consists of two spinel blocks (MgAl10O16) and
one mirror plane (BaO) [32].

In the case of the high temperature solid state method, the
reaction phases are �-Al2O3, MgO, and BaCO3. The stable corun-
dum crystal needs a structural change, and Mg and Ba elements

need to diffuse through a long distance. Therefore, a strong driving
force is required, which usually means a high temperature and the
assistance of a flux.

However, during the process of the co-precipitation method,
the reaction phases were �-Al2O3 (with Mg) and BaAl2O4. The �-

n of the BAM phosphor.
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l2O3 phase is a defective spinel structure [20,21], which is similar
o the structure of the spinel blocks in BaMgAl10O17. The crys-
al reconstruction from �-Al2O3 to the MgAl10O16 spinel block is
asier than that from �-Al2O3. Therefore, BaMgAl10O17 crystals
ould nucleate at a temperature of about 1000 ◦C. The �-Al2O3
hase did not even change into the �-phase at this temperature.
orrespondingly, the nucleation of BaMgAl10O17 crystal became
asier.

Low reaction temperature, high nucleation rate, and short diffu-
ion distance are the main reasons for attaining small BaMgAl10O17
articles by a co-precipitation method.

Continuous research on the mechanism of BaMgAl10O17 phase
ormation, the role of F− ions, and the crystal growth mechanism
re now underway.

.5. Luminescence performance and particle size distribution of
he BAM phosphor prepared by the co-precipitation method

The emission spectrum of the BAM phosphor was measured by
xcitation under vacuum ultraviolet light. As a comparison, a BAM
hosphor prepared by the high-temperature solid state method
as also measured. The results are shown in Fig. 8. The BAM
hosphor made by the co-precipitation method showed high lumi-
escence. The luminescence intensity and the spectral properties
f the sample were almost the same with the one produced by the
igh-temperature solid state method.

Fig. 9 shows the particle size distribution of the BAM phosphor
repared by the co-precipitation method. The center particle size
50 of the sample was 1.74 �m, with a narrow distribution range.
he particle size of 1–2 �m is sufficient to meet the demand for
uture high-definition PDP.

. Conclusions

A BaMgAl10O17:Eu2+ phosphor with fine particle size and high
uminescence performance was synthesized by a chemical co-
recipitation method. Unlike the process of a high-temperature
olid state method, BaMgAl10O17 nucleated directly from the reac-
ion between BaAl2O4 and �-Al2O3 (with Mg), and no �-Al2O3
hase appeared during the entire synthesis. The synthesis tem-

erature was distinctly lowered. Small dispersed particles were
chieved because of the short diffusion distance and the high
ucleation rate. The method is promising for preparing high-
fficiency and small-size aluminate phosphors for high definition
DP.

[
[
[
[
[
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