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Abstract: The synthesis of BaMgAlloO17 : Eu2 + (BAM) phosphors using the sol-gel method and their luminescence proper- 
ties were reported. The blue-light emitting BAM was synthesized using citric acid and ethylene glycol as chelating materi- 
als . Emission of blue-light was obtained from these phosphors. The luminescent intensity increases as the temperature of 
heat treatment is increased. This study investigated the effects of the molar ratio of ethylene glycol to citric acid ( CJ Val- 
ue) ,  with respect to the phase formation and luminescence properties of BAM . The variation of the 0 value resulted in the 
change of the sol-gel reaction mechanism and the microstructures of the resultant powders. An increase in 0 value leads to 
an increase in the rate of BAM phase formation. The photoluminescent intensity of the prepared phosphors increases with 
heating temperatures because of enhanced crystallization. 
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Aluminate phosphors activated with rare earth are 
especially stable and efficient in general lighting of 
lamps"'. With the recent advancement, aluminate 
phosphors are intensely focused on ELI'+ -doped BAM 
phosphors for application in plasma display panels 
(PDPs) i 2 - 4 -  . Barium magnesium aluminate BaMgAllo 
017( BAM) is classified into p-alumina structure with a 
space group P63/mmc'53.  The different sites occupied 
by the europium ions in the BAM structure have been 
studied by several researchersF6-'". Boolchand et al .  
reported that the Eu2 + sites occupy the Beevers-Ross , 
anti-Beevers-Ross , and the mid-oxygen sites in BAM : 

. The host lattice plays an important role for 
varying the luminescence properties of the phos- 
phors;119 121 . Howe et al. "'; investigated the host-lat- 
tice emission and energy transfer in undoped and Eu- 
doped BAM. They reported that the BAM host lattice 

EU2+ -61 

showed an emission under vacuum ultraviolet ( V U V )  
excitation and this result was assigned to Ba-0 groups. 

BAM phosphors are usually prepared by the sol- 
id-state reaction method. In this kind of process, 
high-temperature heating is required. It is reported 
that an increase in heating temperature leads to an in- 
creased particle size and the surface morphology is also 
~ a r i e d " ~ ' .  The Pechini sol-gel method utilizes citric 
acid and ethylene glycol derived polyester resin, corn- 
prising branched polymer for the synthesis. This meth- 
od has the ability to synthesize multicomponent oxides 
with a good homogeneity at a decreased temperature of 
heat treat~nent"~' ''-. Several researchers have used 
the method to prepare BAM : Eu2+ phosphors"6. "- . 
The effects of ethylene glycol and citric acid ratio on 
the phase formation and luminescent properties of 
BAM : Eu2+ phosphors have not been studied in de- 
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Dissolced in 
deionized 

water 

tail. Accordingly, the purpose of this study is to in- 
vestigate the effects of the molar ratio of ethylene gly- 
col to citric acid ( @  value) on the synthesized process 
of BAM : Eu2* phosphors. The influence of heating 
conditions on the microstructures and luminescent 
properties of the obtained phosphors was also studied 
here. 

1 Experimental 
Europium-ion-doped barium magnesium alumi- 

nate (BAM :Eu2 * ) powders were prepared by the sol- 
gel process using citric acid (Nacalai, guaranteed re- 
agent grade) as a chelating agent and ethylene glycol 
( Nacalai , guaranteed reagent grade) as a polymerizing 
agent. As shown in Fig. 1, barium nitrate (Janssen 
Chimica; No. 20. 325. 42,  99% ) , aluminum nitrate 
nonahydrate ( Sigma-Aldrich ; No.  237973, 98 % , 
ACS reagent grade ) , magnesium nitrate hexahydrate 
(Nacalai teaque ; guaranteed reagent grade) , and eu- 
ropium oxide ( Aldrich ; No. 28922 1 , 99.  9 % ) were 
used as starting materials. Europium oxide was dis- 
solved in nitric acid solution ( 4 0 %  nitric acid).  The 
nitrate compounds and europium solution were intro- 
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Fig. 1 Experimental procedure of (B~.~Eu~, l )MgA1,0017 phos- 
phors prepared by sol-gel method 

duced into deionized water under stirring. When the 
nitrate compounds had completely dissolved in the so- 
lution, citric acid was added. After stirring for l .5  h ,  
ethylene glycol was added in a controlled manner ( CP 
is defined as the molar ratio of ethylene glycol to citric 
acid) .  The solution was heated at 130 “c on a hot 
plate for 1 . 5  h .  This was followed by the heating of 
the solution at 300 “c until formation of dried gels. 
The dried gels or xerogels were heated at 500 “c for 
2 h and then were ground thoroughly. The precursor 
powders were calcined in air at different temperatures 
for 4 h ,  followed by heating in reducing atmosphere 
for 4 h .  

The elimination of water and decomposition of re- 
sidual species contained in the dried gels were exam- 
ined by the thermal gravimetric analysis (TGA) cou- 
pled with differential thermal analysis ( DTA ) ( UL 
VAC TGD 7000).  The DTA-TGA measurements were 
made in air at a scan rate of 10 “c emin-’. The struc- 
tural evolution was recorded by XRD using Cu Ka ra- 
diation ( MAC Science, MXP3 ) . The photolumines- 
cence measurement was carried out with the Hitachi F- 
4500 fluorescence spectrophotometer using a Xenon 
lamp at room temperature. The reflectance measure- 
ment was done using a synchronous scan of two mono- 
chromators in the Hitachi F-4500 fluorescence spectro- 
photometer (PMT voltage was 400 V ,  and response 
time was 2 s) . Reflectance spectra were corrected us- 
ing BaS04 as a standard. The reflection data were ex- 
pressed in terms of the percent reflectance ( % R )  : 

I s  %R=-X100% 
I R  

where I s  is the intensity of the beam reflected from the 
samples and ZR is the intensity from a reference stan- 
dard (barium sulfate, BaS04) ‘19‘ . 
2 Results and Discussion 

2.1 Differential thermal and thermogravime- 
tric analyses of BaMgAlloO1,: Eu gels 

The pyrolysis process of the dried gels was moni- 
tored by DTA and TGA as shown in Figs. 2 and 3 .  
The samples with @ values (ratio of ethylene glycol to 
citric acid) of 0 .5 ,  1 . O ,  2 . 0 ,  and 3.0 exhibit broad 
exothermic peaks at 453, 470, 605, and 682 “c re- 
spectively (Fig.2)  as a result of the decomposition of 
the gels. The DTA results show that the decomposition 
temperature is associated with the @ values. Increase 
in @ values will lead to an increase in the polymeriza- 
tion of metal-complexes with growing polymer nets, 
and this effect results in an increase in the pyrolysis 
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Fig, 2 DTA curves showing the decomposition with various 
0 values of (Ba,.9Euo,l)MgA110017 dried gels 
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Fig. 3 Thermogravimetric curves for ( B a , . p E ~ ~ . ~ ) M g A l l ~ 0 ~ ~  
dried gels with various 0 values of samples 

energy. As a result, the pyrolysis temperature region 
gets shifted to a higher temperature as @ values in- 
crease. 

The weight loss under varied @ values from 0 .5  
to 3 .0  can be explained by the behavior between the 
Pechini and citrate sol-gel process. The Pechini pro- 
cess (using citric acid and ethylene glycol producing a 
polyester resin comprising a branched polymer) , ex- 
hibited two stages of decomposition[20’. The @ = 3.0 
and 2.0 samples exhibited a two-stage weight loss pro- 
file. In the sample of @ = 3.0 ,  the first and second 
stages occurred at 200 - 360 “c and 360 - 705 “c 
ranges respectively. In the sample of @ = 2. 0,  the 
first and second stages occurred at 200 - 336 “c and 
336 - 622 “c ranges respectively. 

The first stage of decomposition can be associated 

with the evaporation of ethylene glycol and traces of 
water. The second stage was because of the decompo- 
sition of the metal citrate complex and the residual 
organics[20’ . In contrast, in the citrate sol-gel process, 
which uses a citric acid forming concentrated metal 
complex, weight loss can be found at three tempera- 
ture regions. As shown in Fig. 3, the @ = 0 . 5  sample 
exhibited a three-stage weight loss at three temperature 
ranges of 153 - 243 “c , 243 - 366 “c , and 366 - 519 
“c . The first weight loss can be assigned to the loss of 
the coordinated water molecule, whereas the second 
and third weight losses can be attributed to the decom- 
position of citric acid complex and other organic mate- 
rials formatting a pure oxide 

The three-stage weight loss profile of the samples 
prepared by the citrate gel method was reported by 
Zhang et al. [ 1 4 ’  The TGA curve of the BAM sample, 
which was prepared by the sol-gel method under @ = 
0.5,  showed a weight loss profile of typical citrate gels 
because of the few ester linkages caused by polymer- 
ization reactions. On the other hand, the TGA curve 
of BAM prepared under @ = 1.0  exhibited a one-stage 
weight loss profile having a heating span of 200 - 
558 “c, whereas three smooth stage profiles were ob- 
served in the differential thermogravimetry ( DTG ) 
curve (Fig. 4 ) .  This profile of TGA and DTA curves 
can be explained by the pyrolysis reaction occurring 
between the Pechini polymerizable gels and citrate 
gels. As a result of increase in @ value-the precursor 
being rich in ethylene glycol-leads to an increase in 
the polymeric branches. Increase in polymeric branch- 
es indicates that the polymeric complex structure may 
be formed by the Pechini reaction process and this 
structure leads to an increase in the range of decompo- 
sition temperature . 

. 

4,=1.0 

-:r+----- 4=0.5 

200 400 600 800 i c  

Temperature/ ‘C 

Fig. 4 Differential thermogravimetry (DTG) curves for (Ba, 
Euo.l)MgAlloO17 dried gels with various 0 values of 
samples 
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2 .2  X-ray diffraction (XRD) analysis 
The X-ray diffraction (XRD) patterns of quenched 

BaMgAl,,O1, : Eu (BAM : Eu) powders are shown in Fig. 
5 .  The precursor powder was initially crystallized to give 
the Ba.Al2O4 (BAL) phase at loo0 and 1100 “c . Upon 
heating to 1100 “c for 4 h , both BAL and BAM phases 
were observed. The amount of BAM phase increased 
where the value increased. It shows that the increase in 
BAM phase was because of the improved level of mixing, 
which decreased the crystallization temperature. These re- 
sults could be explained by the mechanism of Pechini-type 
sol-gel method, where polymeric resin might improve the 
level of molecular-scale mixing of catiom in both resins 
and their precursors. Improved level of mixing causes the 
crystallization temperature to de~rease”~’ . 

The XRD pattern obtained after heating the pre- 
cursor powder at 1200 “c indicates BAM to be the 
only crystalline component. Further heating at a high- 
er temperature may lead to an improvement in the 
crystallinity and grain growth (Fig. 6 )  . 
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XRD analysis for ( Ba, E U ~ . ~  ) MgAlIo OI7 prepared by 
sol-gel with various 0 values, wtih quenching at the 
temperature of 1100 “c 
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Fig. 6 XRD analysis for (Ba,  9Euo,l)  MpA110Ol7 prepared by 
sol-gel with various 0 values, with heating at 1400 “c 
in air for 4 h 

For all samples heated at 1200 “c or higher tem- 
peratures, followed by heating in reducing atmosphere 
(Fig. 7 ) ,  the XRD patterns agree well with those of 
the standard pattern reported by the Joint Committee 
on Powder Diffraction Standard (ICDD Card No.  26- 
0163) for BAM. 

2. 3 Photoluminescence properties of 
europium-ion doped BaMgAllo 017 
phosphors 

Fig. 8 shows the excitation and emission spectra 
of BAM samples, which were prepared by sol-gel 
method using a variety of @ values and heated at 1200 
“c . The BAM samples showed a uniform blue color, 
indicating a homogeneous doping. The emission at 453 
nm was because of the 4f65d+4f7 transition of Eu2+ in 
the BAML6’. BAM samples having a CP value between 
0.5 and 3 . 0  showed a similar type of photolumines- 
cence spectra. For samples heated at higher tempera- 
tures, as shown in Fig. 9 ,  these spectra did not show 
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Fig. 7 XRD analysis for ( B Q , ~  Euo ) MgAllo 017 precursors 
heated at various temperatures for 4 h 
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Fig. 8 Excitation ( E X C )  and emission (EM ) spectra of 
(Ba, 9Euo 1)MgAl,oO17 precursors heated at 1200 “c 
for 4 h in air followed by heating at 1200 “c for 4 h in 
reducing atmosphere 
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any noticeable change for the Q, value between 0. 5 
and 3 .0 .  This result indicates that the effect of the Q, 
value is weak at high temperatures. The emission 
spectra of BAM heated at different temperatures (Q, = 
2 . 0 )  are shown in Fig. 10. The luminescent intensity 
of these samples increases as the temperature of heat 
treatment is increased. This effect can be explained by 
the improvement in the crystallinity and grain growth. 
A similar result was reported earlier for YAG mater- 

The absorption properties of excitation source can 
be observed via excitation spectra and reflection spec- 
tra. The reflection spectra are obtained by a synchro- 
nous scan (scanning both the excitation and emission 
monochromators) , using BaSO, as a standard. 

As shown in Fig. 11, the reflection spectra 
showed absorption around 250 - 340 nm. The reflec- 
tion spectra contained two valleys at 254 and 3 11 nm . 
It was clear that two absorption bands were observed. 
In contrast, the excitation spectra (Fig. 9 )  showed two 

ials [ 22: 

:t EXC n A EM I 
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Fig.9 Excitation (EXC) and emission (EM) spectra of (Ba, 9 

Euo 1 ) MgA11001, precursors heated at 1400 "c for 4 h in 
air followed by heating at 1400 "c for 4 h in reducing 
atmospheres 

Wavelength/nm 

Emission spectra of ( Ba,., Euo ) MgAllo 0 1 7  precusors 
heated at various temperatures 

Fig. 10 

excitation bands at about 265 and 324 nm . The excita- 
tion band at 265 nm was less intense than the second 
band at 324 nm. Consequently, the first absorption 
band (255 - 265 nm) was less efficient for energy 
transfer than the second absorption band (321 - 324 
nm) . Further the undoped BAM showed less absorp- 
tion than the Eu-doped BAM ( Fig. 11 ) . Therefore, 
the optimum excitation band of this sample was 3 11 - 
324 nm. 

The emission spectrum of BAM can be deconvo- 
luted into two Gaussians. As shown in Fig. 12,  the 
peaks occurring at 22175 cm- '  ( 451 nm ) and 
21327 cm-'  (469 nm) may be assigned to Eu2+ on a 
normal Ba site (Beevers-Ross) and Eu2+ displaced on 
an anti-Beevers-Ross site in the BAM lattice 
respective~y'~~'  . 
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Reflection spectra of (Ba, 9Euo 1 ) MgAllo OI7 prepared 
by the sol-gel process with various 0 values \ la heat- 
ing at 1400 "c 

Fig. 11 

EnergyilO.' cm" 

Emission spectra of (Ba,,9 Euo 1 ) MgAllo 01, prepared 
by the sol-gel process ( 0 = 2 . 0 )  fit to two Gaussian 
peaks (excitation at 324 nm) 

Fig. 12 

( a )  1400 "c ; (b) 1200 "c 
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3 Conclusion 
The effects of the molar ratio of ethylene glycol to 

citric acid ( @  value) with respect to phase formation 
and luminescence properties of BAM : Eu2 + were inves- 
tigated. An increase in @ value leads to an increase 
in the rate of the phase formation of BAM : Eu2 + . The 
photoluminescent intensity of the prepared phosphors 
increases with a rise in the heating temperature be- 
cause of the enhanced crystallization. On the basis of 
the results obtained in this study, the optimum @ val- 
ue in the sol-gel process should be well controlled for 
obtaining BAM phosphors with desired microstructures 
and luminescent properties. 
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