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Abstract
The quality of YAG:Ce phosphors will influence the luminescent performance of white LEDs
devices. Therefore, in this study, we attempted to synthesis high quality YAG:Ce phosphors
using coprecipitation method. YAG:Ce precursors were synthesized through coprecipitation at
different rotational speeds of an electromagnetic stirrer and then heated at different calcination
temperatures ranging from 900 to 1300 °C. X-ray diffraction analysis revealed that phase-pure
phosphors could be obtained from the precursors synthesized at 400 rpm and then calcined at
1300 °C. The emission intensity of Ce-doped YAG phosphor increased with the calcination
temperature, owing to the higher crystallinity of the YAG phase. Moreover, at the same
calcination temperature from 900 to 1300 °C, the maximum fluorescence intensity at
approximately 540 nm of the YAG:Ce nanopowders synthesized at 400 rpm increased three to
five times that of the YAG:Ce nanopowders synthesized at 200 rpm. The optimal
luminescence performance of the YAG:Ce nanopowders was obtained at 400 rpm and at a
calcination temperature of 1300 °C. The results of luminescence performance indicated
YAG:Ce nanopowders has a great potential for development of white LEDs devices.
Keywords: YAG:Ce nanopowders, Y/Al ratio, rotational speed
1. Introduction

In the development and application of “white light” light-emitting diodes (LEDSs), trivalent
cerium-activated yttrium aluminum garnet (YAG:Ce) nanopowders are among the most
important phosphors because YAG:Ce®" nanopowders are suitable for converting the blue
LED radiation into a broadband yellow emission [1-3]. The quality of YAG:Ce
nanophosphors, such as purity and particle size, affects the brightness and efficiency of white
LEDs. Therefore, synthesizing high-quality YAG:Ce phosphors is important.

YAG nanopowders doped with activators can be mainly synthesized by several wet
chemical methods such as solvothermal synthesis [4-6], hydrothermal synthesis [7-9],
coprecipitation [10-12], and sol-gel combustion [13-15]. In general, the synthesis of YAG
nanopowders by using chemical techniques can result in homogeneous mixing of the
precursor materials at a molecular level, thereby lowering the synthesis temperature and
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promoting the formation of submicron and/or nanosized particles having uniform grain
morphology. Among the aforementioned wet chemical processes, the coprecipitation method
is a relatively simple approach to preparing YAG nanopowders with a pure phase,
homogeneous chemical composition, and high crystallinity [16-18]. Therefore, the
coprecipitation method was used to synthesize YAG:Ce nanopowders in this study. The
factors affecting the quality of YAG nanopowders synthesized using the coprecipitation
method include the precipitant concentration [19,20], precipitant type [21-24], and reaction
temperature [25,26]. A previous study indicated that in the coprecipitation process, the
rotational speed of the electromagnetic stirrer affects the uniform mixing of solutions and also
the particle size of Nd:YAG nanopowders [27]. However, the effect of this speed on the
optical characteristics of YAG nanopowders doped with rare-earth elements such as
neodymium, ytterbium, and cerium has seldom been investigated. Therefore, we selected
YAG:Ce phosphors as the study material to investigate the effect of the rotational speed of the
electromagnetic stirrer on the luminescence of YAG:Ce nanopowders. In this study, YAG:Ce
precursors synthesized at different rotational speeds of the electromagnetic stirrer during the
coprecipitation process were calcined at various temperatures to obtain YAG:Ce nanopowders.
The luminescence property of the YAG:Ce nanopowders was analyzed using a fluorescence
spectrometer, and the effect of the rotational speed of the electromagnetic stirrer on the
luminescence property of the YAG:Ce nanopowders was studied.
2. Experimental
2.1 Materials

The raw materials used in the synthesis of YAG:Ce nanopowders were yttrium nitrate
hydrate (Y(NO3)s - H20, purity > 99.9%, Alfa Co. Ltd.), aluminum nitrate hydrate
(AI(NO3)3 - H20, purity > 99.9%, Sigma-Aldrich Co. Ltd.), cerium nitrate (Ce(NO3)3 -
6H20, purity > 99.9%, Alfa Co. Ltd.), and ammonia bicarbonate (NHsHCO3, analytical
reagent, purity > 99.9%, Sigma-Aldrich Co. Ltd.). The starting solutions were prepared by
dissolving the corresponding raw materials in deionized water, followed by filtration.
2.2 Coprecipitation process

Y(NO3)s - 6H20 and AI(NO3)s - 9H20 were dissolved in deionized water with a molar
ratio of 3:5 to obtain a mixed solution in which the concentration of both Y** and AI** was 0.5
M. The composition of doped cerium was maintained at 0.05 at.%. The precipitating agent
was prepared by dissolving analytical grade NH4HCO3s in a mixed solvent of alcohol and
distilled water. The precipitating agent was dripped into the mixed solution at a rate of
approximately 30 mL/min, controlled by a peristaltic pump at different rotational speeds of
the electromagnetic stirrer (200, 300, and 400 rpm). The suspension was aged for 48 h,
filtered, and then washed with distilled water and alcohol to obtain the precipitate. The
precursors were produced after the precipitate was dried at 90 °C for 48 h in a dryer. The
obtained precursors were sieved through a 200-mesh screen and then air calcined at various
temperatures from 900 to 1300 °C for 2 h to yield pure YAG:Ce nanopowders.
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2.3 YAG:Ce nanopowder characterization

The YAG:Ce nanopowders prepared under the same conditions were divided into three
samples for various analyses. Phase identification of the YAG:Ce nanopowders was
performed using an X-ray diffraction (XRD) system (Model D2 PHASER, Bruker, Germany).
The X-ray radiation source used was Cu Ko, and the diffractometer was operated at 40 kV
and 100 mA. The microstructures of the YAG:Ce nanopowders were analyzed using a
field-emission scanning electron microscope (Model JSM-6700F, JEOL, Japan). The
YAG:Ce precursors were coprecipitated at various rotational speeds of the electromagnetic
stirrer and then calcined at different temperatures from 900 to 1300 °C. The chemical
composition of YAG:Ce after calcination at 1300 °C was analyzed using an electron probe
X-ray microanalyzer (JEOL JXA-8200, Japan) across five measured positions for each sample.
Finally, the photoluminescence spectra of the YAG:Ce nanopowders were analyzed using a
fluorescence spectrophotometer (Brookhaven, NanoBrook 90Plus, U.S.A.) at room
temperature. The fluorescence intensities of the YAG:Ce nanopowders prepared in this study
were compared with the fluorescence intensity of commercial YAG:Ce phosphors (Nemoto &
Co. Ltd., Japan). The flowchart of the coprecipitation process is shown in Fig. 1.
3. Results and discussion

YAG (Y3Als012) has a chemical stoichiometry of Y3 and APP* equal to 3:5. During
coprecipitation, the Y/AI ratio within the precursors considerably affects the transformation of
the pure YAG phase after calcination. Marlot et al. [28] reported that precursors prepared at
final suspension pH values between 7 and 7.4 during the coprecipitation process can result in
a single YAG phase after calcination at 1100 °C. Moreover, the YAG nanopowders contain
impurity phases such as yttrium aluminum monoclinic (YAM; Y 4Al>09) and Y203 when the
precursors are synthesized at pH values higher than 7.4. Sang et al. [29] indicated that
precursors aging at high pH values result in a change in the Y/AI ratio within the precursors
and an increase in the impurity content of the calcined powder. Therefore, in this study, we
analyzed the chemical composition of Y and Al of the calcined YAG powder, the precursors of
which were synthesized at different final pH values (6.2, 7.3, 7.7, and 8.0) of the suspensions.
The experimental results are presented in Fig. 2, indicating that the Y/AI ratio of the
precursors calcined at 1100 °C was the closest to 0.6 when the final pH values of the
suspensions were maintained at 7.7. In this study, to obtain a pure YAG phase nanopowder,
the final pH values of various mixing solutions were controlled at 7.7 during the
coprecipitation process. In addition to the final pH values of the suspensions, the rotational
speed of the electromagnetic stirrer is an important factor affecting the purity of YAG
nanopowders. Therefore, we investigated the effect of the rotational speed of the
electromagnetic stirrer on the formation of a YAG phase during the coprecipitation process.
Fig. 3 illustrates the relationships between the average Y/AI ratios of the YAG:Ce precursors
synthesized at various stirrer rotation speeds and calcination temperatures. The average Y/Al
ratios of the YAG:Ce precursors coprecipitated at 200 rpm and then heated at calcination
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temperatures ranging from 900 to 1300 °C were 0.63, 0.72, 0.67, 0.72, and 0.8. The average
Y/Al ratios of the YAG:Ce precursors heated at the various temperatures deviated
considerably from the standard Y/AI ratio of 0.6; this can be attributed to the YAG:Ce
precursors being prepared under uneven coprecipitation conditions. The distribution curves of
the average Y/AI ratios of precursors coprecipitated at various electromagnetic stirrer speeds
and then heated at different calcination temperatures revealed that an average Y/AI ratio
relatively close to 0.6 was associated with stirrer speeds from 300 to 400 rpm. However, the
distribution curves of the YAG:Ce Y/Al ratios deviated substantially from the standard Y/Al
ratio of 0.6 when the stirrer speed was 500 rpm. The optimal Y/AI ratio curve (closest to 0.6)
occurred at 400 rpm. A suitable stirrer speed results in a homogenous mixing process and thus
the precipitation of homogenous YAG:Ce precursors with a Y:Al stoichiometry of 3:5.
Generally, in ionic liquid systems, the reaction rate and homogenization of mixing solutions
are affected by the stirrer speed. Regarding graphical representation, the relationship between
the reaction rate of mixing solution and the stirrer speed appears as a “volcano-plot,” because
the reaction rate of solutions decreases with increasing stirrer speeds after a certain critical
stirrer speed [30]. In this study, the relationship between average Y/AI ratios and stirrer speeds
agreed with the relationships reported in the cited studies.

Fig. 4 presents the XRD patterns of the YAG:Ce precursors synthesized at different
rotational speeds of the electromagnetic stirrer and then calcined at 1300 °C. The precursors
synthesized at an electromagnetic stirrer rotational speed of 200 rpm and then calcined at
1300 °C exhibited the coexistence of YAG and YAM (YsAl209) phases; the XRD angles
were observed at 26 = 12.1°, 19.6°, 26.8°, 29.3°, and 30.8°, indicating the existence of a
YAM phase. The diffraction intensity of the YAM phase only presented in the precursors
synthesized at 200 rpm and calcined at 1300 °C. The diffraction intensity of the YAM phase
decreased concurrently with increases in the stirrer speed from 200 to 400 rpm and
disappeared for the precursors synthesized at 300 and 400 rpm and calcined at 1300 °C.
However, the diffraction peaks of the YAM phase reappeared for precursors synthesized at
500 rpm and calcined at 1300 °C. These findings suggest that the range of 300-400 rpm was
the optimal stirrer speed for supporting homogenous mixing and chemical reaction in the
coprecipitation process. The YAM phases disappeared because suitable rotational speeds
(300-400 rpm) facilitated a sufficient chemical reaction in the mixed solution to obtain
homogeneous precursors and thereby achieve chemical stoichiometry of the Y:Al ratio after
calcination. The precursors calcined at 1300 °C transformed into a pure YAG phase when the
stirrer speed was in the range of 300400 rpm. When the stirrer speed increased to 500 rpm
and the mixture was calcined at 1300 °C, the XRD diffraction peaks that represented the YAM
phase reappeared. Compared with the results in Fig. 3, the XRD results indicated that the
chemical composition of the precursors was relatively homogenous in mixing solutions stirred
at 400 rpm and in a nonhomogeneous mixing condition stirred at 500 rpm during the
coprecipitation process.



Fig. 5 shows the XRD patterns of all samples prepared at different rotational speeds of the
electromagnetic stirrer and then heated at various calcination temperatures. The intensity of
the main diffraction peak (420) increased with an increase in the calcination temperature and
in the rotational speed of the electromagnetic stirrer from 200 to 400 rpm. These increases
corresponded with an increase in the YAG phase, indicating the improved crystallinity of the
YAG:Ce nanopowders. Therefore, to determine the relationship between the crystallinity of
the YAG:Ce nanopowders and the stirrer speed, and the calcination temperature, the intensity
of the main diffraction peak (420) of the YAG:Ce nanopowders prepared under various
conditions must be calculated. To set a standard, the precursors synthesized at different
rotational speeds of the electromagnetic stirrer were calcined at 1300 °C for 2 h. The
integrated intensity of the strongest reflection peak (420, 20 approximately 32.01°-34.44°)
was observed in the YAG:Ce precursors coprecipitated at 400 rpm and heated at 1300 °C; this
highest integrated intensity was used to define the 100% level of the standard. The
crystallinity levels of the YAG:Ce precursors calcined at various temperatures for 2 h were
then determined by comparing the integrated intensity of the maximal reflection (420) with
the YAG:Ce nanopowder standard. The crystallinity (C%) levels of the YAG:Ce precursor
samples calcined at various temperatures for 2 h were calculated using the following
equation:

14 (420)
I (420)

C (%) = X 100% 1)

where Ia and Is are the integrated intensities of YAG:Ce (420) for precursors calcined at
various temperatures for 2 h and the standard samples, respectively.

Fig. 6 shows the crystallinity of the YAG phase in the YAG:Ce nanopowders preparing using
different parameters; the average intensity of the (420) diffraction peak was used to analyze
the crystallinity of the YAG:Ce nanopowders. The crystallinity of the YAG phase increased
concurrently with increases in the calcination temperature. The highest crystallinity of the
YAG phase occurred at the stirrer speed of 400 rpm, and the lowest crystallinity of the YAG
phase occurred at 500 rpm. This phenomenon may be explained by the finding that the most
homogeneous chemical composition of YAG:Ce precursors occurred at 400 rpm.

Fig. 7 represents the morphologies of the YAG:Ce nanopowders for which the precursors
were coprecipitated at different electromagnetic stirrer rotational speeds and then heated at
1300 °C. The average particle sizes of the YAG:Ce nanopowders coprecipitated at 200, 300,
400, and 500 rpm were approximately 230, 190, 130, and 220 nm, respectively. The particle
size of the YAG:Ce nanopowders decreased when the electromagnetic stirrer rotational speed
increased from 200 to 400 rpm. This trend is in agreement with related findings from our
previous study [27]. Chen et al. reported that when the stirrer speed was increased to a
definite value, the whole reaction zone completely shifted into the plugflow reactor, and the
mean particle size decreased to its minimal value. When the stirrer speed was greater than the
definite value, a larger mean particle size resulted due to the lower number of nuclei. In sum,
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mean particle size increased with increases in the stirrer speed when stirrer speed exceeded
the definite value, and mean particle size decreased when the stirrer speed increased below the
definite value [31]. In the present study, the average particle size decreased with an increase in
the stirrer speed from 200 to 400 rpm, the average particle size then increased when the stirrer
speed was increased to 500 rpm. This finding is in agreement with the results of Chen et al.
[31].

The luminescence spectra of the YAG:Ce nanopowders synthesized at different stirrer
rotation speeds and then calcined at 1300 °C are illustrated in Fig. 8. All the emission spectra
of various YAG:Ce nanopowders were detected using a He-Cd laser system with an
excitation wavelength of 325 nm. The patterns represent emissions in the range of 400-800
nm, with a maximum luminescence intensity of approximately 540 nm attributed to the Ce3*

intershell transition (5d—4f) in the YAG lattice [32]. The highest intensity emissions were

detected in powders synthesized at 400 rpm during the coprecipitation process and calcined at
1300 °C. The fluorescence intensity of this powders was higher than those of commercial
YAG:Ce phosphors. Our previous study indicated that a higher rotational speed of the
electromagnetic stirrer yields a homogeneously coprecipitated surrounding solution and
produces homogeneous precursors, with the Y/AI ratio of the calcined Nd:YAG powders
becoming closer to 0.6 [27]. In the present study, the chemical stoichiometry of the YAG:Ce
nanopowders was considerably affected by the rotational speed of the electromagnetic stirrer.
Fig. 9 presents the photoluminescence spectra of the YAG:Ce precursors synthesized at
different rotational speeds of the electromagnetic stirrer and then calcined at different
temperatures (900, 1000, 1100, 1200, and 1300 °C). The emission intensities of all the
calcined YAG:Ce powders with the precursors prepared at different electromagnetic stirrer
rotational speeds increased with the annealing temperature, because of the increase in the
crystallinity of the YAG phase [33], and improved the substitution of Ce®* ions into the Y
lattice of the YAG matrix; this thus indicates that incorporating Ce®** ions in the YAG matrix
improved the emission intensity of the YAG:Ce nanopowders [34,35]. Fig. 10 illustrates the
relationships among the average maximum fluorescence intensities of the YAG:Ce
nanopowders, stirrer rotation speeds, and calcination temperatures. Across calcination
temperatures, the curves indicated that the maximum fluorescence intensity of YAG:Ce
nanopowders was the highest at a stirrer speed of 400 rpm, and the maximum fluorescence
intensity was significantly lower at the stirrer speed of 200 and 500 rpm. These results
correspond with those presented in Fig. 3, 5, and 6; the most homogeneous chemical
compositions (Y/Al ratio), phase compositions, and the crystallinities of the YAG phase were
all associated with a stirrer speed of 400 rpm, and the aforementioned characteristics
corresponded with the highest photoluminescence emissions of YAG:Ce nanopowders. With
the exception of the YAG:Ce nanopowders prepared at the stirrer rotation speed of 400 rpm
and the calcination temperatures of 1200 and 1300 °C, the fluorescence intensities of others
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YAG:Ce nanopowders were significantly lower than those of commercial YAG:Ce phosphors.
Fig. 11 presents the average maximum fluorescence intensities of the YAG:Ce precursors
prepared at various rotational speeds of the electromagnetic stirrer and then heated at various
calcination temperatures. At different stirrer speeds during coprecipitation and then
calcination, the average maximum fluorescence intensity of phosphors increased considerably
in a range of stirrer speed from 200 to 400 rpm, and the maximum fluorescence intensity
significantly reduced at 500 rpm. The average maximum fluorescence intensity of all samples
increased as calcination temperatures increased. The maximum average fluorescence intensity
was associated with a stirrer speed of 400 rpm. The slopes of fitting lines for the rotational
speeds of 200, 300, 400, and 500 rpm were 18.6, 47.1, 65.7, and 18.4, respectively. A high
fitting-line slope indicated a high degree of homogeneity in the chemical composition of the
precursors. The precursors were precipitated from the mixing solution and were transformed
into a single YAG phase, in which the crystalline intensity increased with the calcination
temperature (Fig. 6), resulting in a considerable increase in the fluorescence intensity. The
results also indicated that during the coprecipitation process, the homogeneity of the chemical
composition was reduced at a stirrer speed of 500 rpm.
4. Conclusions

YAG:Ce precursors were synthesized at various electromagnetic stirrer rotational speeds
and then calcined at different temperatures to obtain YAG:Ce nanopowders. The crystallinity
of the YAG phase within the YAG:Ce nanopowders and the PL emission intensity of the
YAG:Ce nanopowders increased with the rotational speed of the electromagnetic stirrer and
the calcination temperature. The optimal photoluminescence emission intensity occurred for
the YAG:Ce nanopowders with the precursors coprecipitated at 400 rpm and calcined at 1300
°C. This was because of a homogeneous flow field within the mixing solutions, resulting in a
high chemical stoichiometry of Y3* and AI** equal to 3:5 and a higher crystallinity of the YAG
phase in the YAG:Ce nanopowders after heating. Moreover, the high quality YAG:Ce
nanopowders can be applied in the white LEDs system which can be obtained high
luminescent performance.
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stirring at 20 °C. (different stirring rate: 200
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With the suspension aged for 48h, filtered
and washed repeatedly with distilled water
and alcohol in sequence.

The precursors were produced after the
precipitate was dried at 90 °C for 48 h with
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| YAG:Ce** nano-powder |

Fig. 1. Flowchart of the coprecipitation process for the synthesis of YAG:Ce nanopowders.
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electromagnetic stirrer rotational speeds and then heated at different temperatures.
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Fig. 7. SEM is of G:e precursors synthesizediffet eletromagnetic stirrer
rotational speeds and then heated at 1300 °C: (a) 200, (b) 300 (c) 400, and (d) 500 rpm.
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Fig. 8. Photoluminescence emission of YAG:Ce nanopowders synthesized at different
electromagnetic stirrer rotational speeds and then calcined at 1300 °C (Aex = 325 nm).
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Fig. 9. Photoluminescence emission of YAG:Ce nanopowders synthesized at different
electromagnetic stirrer rotational speeds and then heated at various calcination temperatures
measured at a wavelength excitation (Aex) 0f 325 nm: (a) 200, (b) 300 (c) 400, and (d) 500

rpm.
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Fig. 10. The relationship between maximum fluorescence intensity of YAG:Ce nanopowders
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Fig. 11. Maximum fluorescence intensity of YAG:Ce nanopowders synthesized at different
electromagnetic stirrer rotational speeds and then heated at various calcination temperatures.
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