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Yttrium aluminum garnet (YAG, Y
3
Al
5
O
12
) nanoparticles were synthesized by ultrasound-assisted and ultrasound-microwave-

assisted alkoxide hydrolysis precipitation methods.The effect of reaction parameters including pH value, ultrasonic radiation time,
and calcination temperature on the composition of the products was investigated.The YAG nanoparticles and their precursor were
characterized by X-ray powder diffraction (XRD), differential thermal analysis (DTA), Fourier-transform infrared spectroscopy
(FT-IR), and high-resolution transmission electron microscopy (HRTEM). The results show that the single ultrasound-assisted
method to synthesize YAG phase often contains intermediate phases of YAM (Y

4
Al
2
O
9
) and YAP (YAlO

3
); pure YAG phase can

form only at special conditions and as single crystal. The pure phase YAG powders can be obtained at each experimental condition
when using ultrasound-microwave-assisted synthesis and the grain is polycrystalline.This is due to the microwave radiation which
promotes atomic diffusion and forms a lot of crystal nuclei of YAG in the precursor. The YAG nanoparticles with a grain size of
18 nm can be obtained at a calcination temperature of 900∘C when using ultrasound-microwave-assisted method.

1. Introduction

Yttrium aluminum garnet (YAG, Y
3
Al
5
O
12
) is an important

laser material with excellent chemical stability, thermal and
good optical properties, and high temperature creep resis-
tance. It has proved to be one of the most promising laser
materials for many kinds of laser devices [1–3].

In order to achieve high density and highly transparent
YAG ceramics, highly dispersed ultrafine YAG powder is
necessary [4–6]. At present, several wet chemical synthesis
methods have been developed and successfully used for low
temperature production of pure phase YAG powders [7–9].
These methods include the coprecipitation [10, 11], homoge-
neous precipitation [12], and sol-gel combustion [13, 14].

Among all of the used physicochemical techniques, sono-
chemical reactions, utilizing unique phenomena induced by
ultrasonic cavitation, have shown to be very promising in
the preparation of nanostructured materials [15–17]. The

technique stemmed from acoustic cavitation. The formation,
growth, and implosive collapse of bubbles in a liquid cause
intense local heating (5000∘C) and pressure (1800 atm).
Moreover, the ultrasound waves induce the formation of
radicals which results in enhanced reaction rates at ambient
temperatures. It has also been shown thatmuch smaller nano-
particles and higher surface area can be achieved through
intense conditions [18]. Furthermore, the use of microwave
irradiation for the preparation of YAGnanoparticles has been
reported [19–22]. Compared with conventional methods,
microwave irradiation synthesis has advantages of short
reaction time, production of small particles with narrow size
distribution, and high purity [23, 24].

Recently, the microwave-assisted homogeneous precipi-
tation method and microwave-assisted sol-gel method have
been widely used for the synthesis of YAG and doped-
YAG nanoparticles [25–27]. In these methods, some special
addition agents are added to suppress agglomeration, such
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as ammonium sulfate [12, 23, 25] and fluoride [14], but this
will affect the purity of YAG. In addition, due to insufficient
mixing and low reactivity of the raw materials, several inter-
mediate phases such as Y

4
Al
2
O
9
(YAM) and YAlO

3
(YAP)

easily exist in the products [12, 23]. Somemethods use a high-
power microwave radiation, such as 800W [23] and 900W
[25].

In this study, YAG nanoparticles have been synthesized
by ultrasound-assisted and ultrasound-microwave-assisted
alkoxide hydrolysis precipitation method. The effect of reac-
tion parameters including pH value, ultrasonic radiation
time, and calcination temperature on the composition of
the products has been investigated. The morphology of YAG
nanoparticles has been reported.

2. Experimental

2.1. Sample Synthesis. Al metal particles (99.99% purity), Y
metal particles (99.9% purity), isopropanol, anhydrous alu-
minumchloride, and ammoniumbicarbonatewere employed
as starting materials. First, the metal aluminum particles and
proper amount of anhydrous aluminum chloride were added
to isopropanol.Themixed solution was refluxed around 85∘C
until the aluminum isopropoxide was successfully prepared.
Similarly, yttrium isopropoxide was also synthesized using
the above-mentioned method. The prepared aluminum iso-
propoxide and yttrium isopropoxide were mixed (final mol
ratio of Al ion : Y ion = 5 : 3). The mixed solution was added
dropwise into the 1 L and 0.4M ammonium bicarbonate
solution under ultrasound radiation at different pH value
and ultrasound radiation times; the precipitate was aged for
16 h before filtration. After filtration and washing several
times with distilled water and ethanol, the obtained sample
was dried at 60∘C overnight. Subsequently, the samples
designated (a) were obtained after calcination at 900, 1000,
and 1100∘C for 2 h. Furthermore, the YAG was synthesized
by ultrasound-microwave-assisted alkoxide hydrolysis pre-
cipitation method. This synthesis method was the same as
mentioned above, but the samples designated (b) underwent
microwave radiation for a while instead of drying process
after washing.

2.2. Analytical Methods. The crystalline phases of samples
were confirmed by XRD using an Empyrean X-ray diffracto-
meter with Cu K𝛼 radiation. DTA was characterized by SDT
2960 Simultaneous DSC-TGA (TA Instruments, USA) from
room temperature up to 1000∘C at a heating rate of 15∘C/min
in Ar gas. FT-IR spectra were recorded using a Nicolet
380 spectrophotometer. TEM, SAED (selected area electron
diffraction), HRTEM, and FFT (fast Fourier transform) of
products were characterized by a JEM-2100F high-resolution
transmission electronmicroscopy operated at an accelerating
voltage of 200 kV.

3. Results and Discussion

3.1. Effect of pH Value. Figure 1 shows the XRD patterns
of YAG prepared by ultrasound-assisted synthesis (a) and

ultrasound-microwave-assisted synthesis (b) at different pH
values. In pH values of 8, 9, and 10, all the diffracted peaks
can be clearly indexed to pure phase of cubic YAG (JCPDS
card number 73-1370), with no other peak corresponding to
impurity observed.The sharp diffraction peaks of the sample
indicated that well-crystallized YAG crystals can be easily
obtained by ultrasound-assisted and ultrasound-microwave-
assisted synthesis. Pure YAG phase is obtained in all samples,
indicating weak influence of pH value on phase transfor-
mation.

3.2. Effect of Ultrasound Radiation Time. Figure 2(a) shows
the XRD patterns of the prepared samples at different ultra-
sound radiation time by ultrasound-assisted synthesis. For
radiation times of 3 h and 4 h, there are two phases in the
samples: YAG and YAM (JCPDS card number 14-0475), and
the pure phase YAG can be obtained at 5 h. Figure 2(b) shows
the XRD patterns of the prepared samples at different ultra-
sound radiation time by ultrasound-microwave-assisted syn-
thesis. As it is seen for radiation times of 3 h, 4 h, and 5 h,
all of the diffracted peaks can be clearly indexed to pure
phase of YAG, with no other peak corresponding to impurity
observed.

3.3. Effect of Calcination Temperature. Figure 3(a) shows
the XRD patterns of the prepared precursor and samples
at different calcination temperatures by ultrasound-assisted
synthesis. The precursor was of amorphous nature. The three
phases YAG, YAP, and YAMwere obtained when the calcina-
tion temperature of the precursor was 900∘C and 1000∘C.The
pure phase YAG can be obtained at 1100∘C. Figure 3(b) shows
the XRD patterns of the prepared precursor and samples at
different calcination temperatures by ultrasound-microwave-
assisted synthesis. As it is seen, the precursor was also of
amorphous nature. The samples heated up to 900∘C were
amorphous with weak crystalline peaks of YAG; sharp peaks
appeared for the samples calcined at 1000–1100∘C,whichwere
in good agreement with the standard JCPDS file of YAG.The
results show that the single ultrasound-assisted method to
synthesize YAG phase often contains intermediate phases of
YAM and YAP, and pure YAG phase can form only at special
conditions. The pure phase YAG powders were obtained
at each experimental condition when using ultrasound-
microwave-assisted synthesis. The absence of the intermedi-
ate phases (YAM, YAP) during the heating process is because
the component of the precursor is more uniform compared
with the conventional heating techniques. Under microwave
irradiation, a large number of crystal nuclei of precursor burst
quickly at the same time, avoiding A13+ and Y3+ to precipitate
sequentially. Besides, the uniform distribution of A13+ and
Y3+ on the ion level also shortens the diffusion distance and
lowers the synthesizing temperature of pure-phase YAG.

3.4. DTA Analysis. Figure 4 shows the DTA curves of the
precursors of YAG prepared by ultrasound-assisted synthesis
(a) and ultrasound-microwave-assisted synthesis (b). The
exothermic peaks were observed at 920∘C (a) and 930∘C
(b). These peaks were attributed to the crystallization of the
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Figure 1: XRD patterns of YAG prepared by ultrasound-assisted synthesis (a) and ultrasound-microwave-assisted synthesis (b) at pH ∼8–10.
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Figure 2: XRD patterns of YAG prepared by ultrasound-assisted synthesis (a) and an ultrasound-microwave-assisted synthesis (b) at
ultrasound radiation times ∼3 h–5 h.

precursors. The crystallization points are similar to those
reported in the literature [28].This result is well in accordance
with the experimental result of XRD.There are two notewor-
thy peaks, arrowed in Figure 4, which are weakened when
using ultrasound-microwave-assisted synthesis. This shows
that the precursor undergoes certain reaction when using
ultrasound-microwave-assisted synthesis.

3.5. FT-IR Analysis. Figure 5 shows the FT-IR spectra of pre-
cursor of YAG prepared by ultrasound-assisted synthesis (a)
and ultrasound-microwave-assisted synthesis (b), in which

the wide band at 3000∼3750 cm−1 should be due to the
stretching of O–H in water, and the NH

4

+ can be detected
at 2884 cm−1. The band at 1300–1610 cm−1 indicates the pre-
sence of CO

3

2−, and the band at about 1072 cm−1 should be
due to the stretching of C–O. In addition the band at 478–
850 cm−1 should be assigned to the bending of Al–OH and
Y–OH [29, 30]. FT-IR spectra analysis shows that the two pre-
cursors are basic carbonate. The peak intensity of Figure 5(b)
is found to be enhancing due to addedmicrowave irradiation,
whichwas beneficial to crystal nuclei simultaneous formation
of yttrium ion, aluminum ion, and other anions.
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Figure 3: XRD patterns of YAG prepared by ultrasound-assisted synthesis (a) and ultrasound-microwave-assisted synthesis (b) at calcination
temperature ∼900–1100∘C and their precursors.
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Figure 4: DTA curves of the precursors of YAG prepared
by ultrasound-assisted synthesis (a) and ultrasound-microwave-
assisted synthesis (b).

3.6. Morphology Analysis. The morphology of the as-pre-
pared sample is characterized with TEM, SAED, FFT, and
HRTEM. Figures 6(a) and 6(c) show that the precursors,
which were prepared by ultrasound-assisted synthesis (I) and
ultrasound-microwave-assisted synthesis (II), have colloidal
structure and the average diameters of about 15 nm and
30 nm, respectively. Figure 6(b) shows that the precursor
(I) calcined at 1100∘C has hierarchical nanostructure and
average diameter of about 50 nm. Figures 6(d) and 6(e) show
that the precursor (II) calcined at 900∘C and 1000∘C has
equiaxed grain nanostructure with average diameter of about
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Figure 5: FT-IR spectra of precursor of YAG prepared by ultra-
sound-assisted synthesis (a) and ultrasound-microwave-assisted
synthesis (b).

18 nm and 23 nm, respectively. Figure 6(f) shows that the
hierarchical nanostructures of YAG with a size of 42 nm
were produced due to agglomeration at high calcination tem-
perature (1100∘C). Compared with single ultrasound-assisted
method, ultrasound-microwave-assisted alkoxide hydrolysis
precipitation method has advantages for production of parti-
cles with narrow size distribution and uniform form.

Figure 7(a) shows the SAED pattern of YAG prepared
by ultrasound-assisted synthesis. The dot corresponds to the
diffraction from the (211) plane of YAG. Figure 7(b) shows
the HRTEM image and FFT pattern (see illustration) of YAG
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Figure 6: TEM images of the samples prepared by ultrasound-assisted synthesis ((a) precursor I; (b) precursor I calcined at 1100∘C) and
ultrasound-microwave-assisted synthesis ((c) precursor II, (d) precursor II calcined at 900∘C, (e) precursor II calcined at 1000∘C, and (f)
precursor II calcined at 1100∘C).

prepared by ultrasound-assisted synthesis. In Figures 7(a)
and 7(b), the structure of YAG is single crystalline and crystal
grains grow along the same direction. Figure 7(c) shows
the SAED pattern of YAG prepared by ultrasound-micro-
wave-assisted synthesis. The rings correspond to the diffrac-
tion from the (220), (400), and (420) planes of YAG. Figure
7(d) shows the HRTEM image and FFT pattern (see illustra-
tion) of YAG prepared by ultrasound-microwave-assisted
synthesis. In Figures 7(c) and 7(d), the structure of YAG is
polycrystalline and crystal grains grow in random orienta-
tions.

Figure 8 shows the schematic diagram of the growth
mechanism of YAG prepared by ultrasound-assisted synthe-
sis (I) and ultrasound-microwave-assisted synthesis (II). In
this experiment, the aluminum isopropoxide and yttrium
isopropoxide were added dropwise at the same time into the
ammoniumbicarbonate solution under ultrasound radiation.
The alkoxide hydrolysis and precipitation process were car-
ried out simultaneously. The particle size and distribution of
prepared precipitate depend on the growth rate V

1
of crystal

nucleus of the precipitate and growth rate V
2
of the crystal.

According to theWennarn-TammanTheory: V
1
= 𝑘(𝑄−𝐿)/𝐿,

V
2
= 𝐷𝑆(𝑄 − 𝐿)/𝛿, wherein 𝑘 is constant, 𝑄 is the concen-

tration of the resulting precipitate at adding a precipitating
agent instantly, 𝐿 is solubility of substances, (𝑄 − 𝐿) is

supersaturation degree of precipitate, 𝐷 is the diffusion
coefficient in the solution, 𝑆 is surface area, and 𝛿 is diffusion
path.

Apparently, the larger the growth rate V
1
of crystal

nucleus, themore the number of crystal nuclei formed in unit
time and the smaller the grain. To obtain YAG powder with
uniform distribution and small grain size, the experiment
used ultrasound-assisted alkoxide hydrolysis precipitation
method.This is because the ultrasonic cavitation has obvious
influence on the crystal nucleation and growth. Ultrasonic
fields can promote formation of crystal nuclei and a lot of
cavitation bubbles can also cause micro eddy current on the
surface of particles, playing a role in stirring and accelerating
the diffusion of the reaction system. Consequently, the
thermodynamically unstable crystal nuclei can grow up to be
stable particles by diffusing and capturing groups in reaction
solution.

These stable crystal nuclei can rapidly reduce supersat-
uration of solution and inhibit secondary nucleation and
further growth of crystal nuclei. When using ultrasound-
assisted alkoxide hydrolysis precipitation method, it can pre-
vent particle size distribution from becoming broader along
with increasing local elative supersaturation degree of crys-
tal nucleus. As a matter of fact, when using single alkoxide
hydrolysis method, this kind of circumstance often appears.
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Figure 7: (a) SAED pattern, (b) HRTEM image of YAG prepared by ultrasound-assisted synthesis, (c) SAED pattern, and (d) HRTEM image
of YAG prepared by ultrasound-microwave-assisted synthesis. Inset shows the FFT pattern of corresponding YAG.
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Figure 8: Schematic diagram of the growth mechanism of YAG prepared by ultrasound-assisted synthesis (I) and ultrasound-microwave-
assisted synthesis (II).

Under ultrasonic irradiation, the growth rate of all orien-
tations was simultaneously increased in nuclei. The single
crystal nanoparticles with good dispersion and narrow size
distribution were obtained through calcining its precursor
(see Figure 8(I)).

When further using ultrasound-microwave-assisted alk-
oxide hydrolysis precipitation method (see Figure 8(II)), a
large number of nuclei of precursorwere produced like explo-
sion, and Y3+, Al3+ cations and related anions nucleated at
the same time, avoiding precipitate of ions step by step in
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conventional heating. Because the growth rate V
1
of crystal

nucleus is greater than the growth rate V
2
of crystal, the part-

icles size of precursor was even finer and uniform. Vibration
of microwave can drive molecular movement and have effect
on energy distribution at different crystal planes and growth
directions of different nuclei. The polycrystalline crystal
nanoparticles with good dispersibility and uniform size were
obtained through calcining its precursor.

Recalling our data, Figure 4 shows that the precursor
undergoes certain reaction when using ultrasound-micro-
wave-assisted method. So, pure phase YAG can be obtained
at each reaction condition and without intermediate phases
YAM and YAP. Consequently, when using ultrasound-micro-
wave-assisted alkoxide hydrolysis precipitation method, the
particles size of YAG is finer and uniform without any add-
itives.

4. Conclusion

YAG nanoparticles were synthesized by ultrasound-assisted
and ultrasound-microwave-assisted alkoxide hydrolysis pre-
cipitation method. Conditions for the single ultrasound-
assisted method to synthesize YAG pure phase are ultrasonic
radiation for 5 h, calcination temperature at 1100∘C, and
pH values between 8 and 10. Using ultrasound-microwave-
assisted synthesis under various conditions can yield pure
phase YAG, which is due to the rapid formation of a large
number of YAG induced nuclei in synthetic precursor after
furthermicrowave treatment. In this case, YAGnanoparticles
with finer grain size and uniform dispersion were prepared.
In particular, the YAGnanoparticles with 18 nmgrain size can
be obtained at a calcination temperature of 900∘C.

Further studies are needed to understand the detailed
mechanism of microwave on amorphous precursor. These
studies are in progress and will be reported at a later stage.
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