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The effect of molar ratio and annealing on crystal structure of gadolinium-gallium
garnet nanopowders synthesized by sol-gel method
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Nanocrystalline gadolinium-gallium garnet samples were fabricated via the sol-gel pechini method with citric and nitric acid
for chelation and polyethylene-glycol for crosslinked. The influence of molar ratio [Gd]/[Ga] on the formation of the
gadolinium-gallium garnet crystalline structure was examined. The development of nanocrystalline structure and phase
composition of the powders was studied by X-ray powder diffraction (XRD), scanning electron microscopy (SEM),
Thermogravimetric analysis (DTA/TG), and Fourier transform infrared spectroscopy (FT-IR). XRD patterns displayed that
nano-sized and well-crystallized gadolinium-gallium garnet powders were fabrlcated at the annealing temperature as low as
800 °C for two hours. By applying the Scherrer formula and Pielaszek Fw< LAy method, the crystallite sizes of the samples
are calculated, and grain size distribution is determined. Nanopowders show ‘spherical bubble forms of thin spherical shells
in the range of 400-500 nm, and the calculated size of the particles is about 20-50 nm.
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Introduction general structure Gd;FesOy, [18-21]. There have been

many attempts to produce gadolinium-gallium garnet

Ceramic-based phosphor materials activated by rare- powder base using different annealing methods and
earth or transition metal ions have received considerable optimized fabrication procedures using other solvents
attention in the investigation of possible optical, and polymerizing agents to lower the cost, shorten the
magnetic, energy, and biotechnological applications manufacture period, and annealing temperature, and
such as white light-emitting diodes (WLEDs), displays, eliminate the decomposition of digallium trioxide at high
biolabels, magnetic resonant imaging (MRI), and temperatures. The most important techniques used for
magnetic refrigeration materials [1-6]. One of the most synthesizing gadolinium-gallium garnet powders can
popular groups of host materials is garnets, which be summarized as the co-precipitation method, combustion
crystallize in a cubic structure with space group Ia3d. method, solid-state method, and sol-gel method [8, 17,
In this study, Gadolinium-gallium garnet (Gd;GasO,) 22-36]. Among these methods, the sol-gel method has
is chosen as the host material as a vital complex oxide the advantages of being a simple nanocrystalline
and an important class of optical and magnetic ceramic functional material fabrication process, with a low
material. It is the subject of interest as lanthanide-based annealing temperature and short production period
luminescence phosphors and paramagnetic material for compared to conventional methods [37, 38]. The
low-temperature magnetic refrigerators, substrate for variety of sol-gel process conditions provides the
magneto-optical epitaxial films, and laser materials [7- production of ceramic nanophosphor materials which
9]. Gadolinium-gallium garnet powders with high differ in morphology, phase, homogeneity, and size
density and transparency are also used as a substitute properties [39]. Undoped and rare-earth ion doped
material for single crystal growth and transparent ceramic GGG nanopowders have been reported to be synthesized
production process [10-12]. The optical characteristics by the sol-gel method by changing starting materials,
of gadolinium gallium garnet phosphor depend crucially stirring heat and time, chelating agents, complexing
on the method of preparation, nanoparticle size, and agents, pH value, annealing temperature and time [9-
doping ions [9, 13-17]. The synthesis technique and the 11, 40-43]. In this work, the fabrication and
particle size from bulk to nanostructure have also characterization results of gadolinium-gallium garnet
critical effects on the magnetic properties of lanthanide- nanopowders were summarized using the sol-gel
doped GGG and Gd-based garnet-ferrite with the pechini method with citric and nitric acid for chelation
and polyethylene-glycol (PEG) for crosslinked. The
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phase evolution was exhibited by an X-ray diffractometer
(XRD). Scanning electron microscopy (SEM) photographs,
Thermogravimetric analysis (DTA/TG), and Fourier
transform infrared (FT-IR) patterns were recorded to
characterize the structural and morphological properties
of gadolinium-gallium garnet powders. The effects of
annealing temperature on phase purity, particle size,
and crystallization of gadolinium-gallium garnet were
examined and optimum conditions were determined. In
our previous studies, these optimum sol-gel pechini
conditions allowed us to obtain successfully white light
emission from Yb*"/Er:GGG and Yb*/Er*/Tm*:
GGG nanophosphors based on the upconversion [13,
14].

Experimental and Characterization

Gadolinium-gallium garet nanopowders were
synthesized using the sol-gel pechini method in an air
atmosphere. Chemicals were all analytical grades and
purchased from Sigma-Aldrich. Double-distilled water
was used to synthesize the solutions. Stoichiometric
amounts of high-purity Ga(NOs);xH,O (Aldrich, 99.99
%) and Gd(NO;);x6H,0 (Aldrich, 99.99%) reagents
were dissolved in 25 mL of a 1 M aqueous stirring
solution of nitric acid (HNOs). After mixing for 30
minutes adequately, the solution was heated to 65 °C
under stirring using a magnetic agitator for another 30
minutes. A suitable amount of citric acid (4.2 g) was
mixed as a chelating agent to the above solution. The
citric acid ratio of the total mole number of the solution
was 0.02 mol% (mol/L). Then, 12.6 g polyethylene-
glycol was used as a cross-linking agent, corresponding
to three times the mass amount of citric acid. PEG
density was dpgg=1.204 g/mL. The obtained solution
was continuously stirred at 65 °C for three hours until
the highly transparent sol became gel by slow
evaporation. After aging for ten days at room
temperature, the gel was annealed in a ceramic furnace,
altering temperatures from 500 to 1200 °C at 7 °C/min’'
heating rate without an intermediate annealing step and
held at each temperature for different hours in the air.
The resulting powders were lightly crushed in an agate
mortar to the fine powder for two minutes. The detailed
process for preparing and annealing gadolinium-gallium
garnet nanopowders by the sol-gel method is illustrated
in Fig. 1.

The primary molar ratio of [Gd]/[Ga] is determined
as 38/62 according to the phase diagram for the Gd,O;-
Ga,O; system [44], and the samples are labeled as
GGG. To investigate the influence of stoichiometric
molar ratios on crystallinity, two more precursors with
different molar ratios [Gd]/[Ga]=36/64 and [Gd]/
[Ga]=40/60 were prepared using the same route and
labeled as GGG1 and GGG2, respectively.

The crystal structure and phase evolution were
revealed by the X-ray diffraction (XRD) (Rigaku-XRD
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Fig. 1. The preparation process of Gadolinium-Gallium Garnet
nanopowders by sol-gel method.

2200 D/MAX, Japan), working at 40 kV source
voltage and 30 mA with Cu-Ka radiation (A = 0.15418
nm). The particle size and the morphology of the
powders were observed using a scanning electron
microscope (SEM) (FEI Quanta 250 FEG). Fourier
transform infrared (FT-IR) spectra were analyzed with
a Perkin Elmer Spectrum 100 FT-IR Spectrometer with
the KBr pellet technique. Thermogravimetric analysis
(DTA/TGA) of the samples was performed with a
Perkin Elmer Pyris thermal analyzer by heating 5 mg
powder samples in ceramic crucibles from room
temperature to 1000 °C at a heating rate of 10 °C/min
under nitrogen flow.

Result and Discussion

Structural analysis

The XRD patterns of GGG samples annealed at
different temperatures from 800 to 1200 °C for 12
hours are represented in Fig. 2. The XRD peaks are
compatible with that of the gadolinium-gallium garnet
crystal structure (JCPDS Card No.13-0493), and the
XRD results of the obtained powders confirm the
formation of well-crystallized gadolinium-gallium garnet.
It is also revealed that gadolinium-gallium garnet was
well crystallized even at a relatively low annealing
temperature (800 °C). The diffraction peak at 26=30.2°
indicates that another phase, Gd;GaOg (JCPDS Card
No. 53-1225), was also formed (Fig. 2). As the
annealing temperature increase, the intensity of the
peaks becomes strong, and the shape of the peaks
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Fig. 2. XRD patterns of GGG sample annealed at different
temperatures from 800 to 1200 °C for 12 hours.
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Fig. 3. XRD patterns of GGG sample annealed at 1000 °C for 2
and 24 hours.

becomes narrow.
Fig. 3 displays the XRD patterns of GGG samples
calcined at 1000 °C for 2 and 24 hours annealing

Intensity (a.u)

Fig. 4. The pictures of GGG, GGG1, and GGG2 nanopowders
annealed from 500 to 1200 °C.

durations. The optimized annealing duration was chosen
for 2 hours due to the formation of crystallization.

GGG, GGGI1, and GGG2 nanopowders were
synthesized to investigate the effect of molar ratio on
the crystal structure of gadolinium-gallium garnet
nanopowders to eliminate the second phase. X-ray
diffraction patterns as a function of annealing
temperature indicate that all samples are amorphous up
to 700 °C. The pictures of GGG, GGGI1, and GGG2
powders annealed from 500 to 1200 °C are illustrated
in Fig. 4.

Fig. 5 shows XRD patterns of GGG, GGGI, and
GGG2 powders annealed at 800 °C and 1000 °C for 2
hours. It is found that Gd;GasO;, becomes almost the
pure phase in the XRD graph for the GGG powder
sample annealed at 800 °C for 2 hours. When the
annealing temperature is reached 1000 °C, the second
Gd;GaOg4 (gallate) phase diffraction peak exists in
smaller intensity for the GGG1 powder sample. These
two phases can be evaluated as relative, calculate from
the ratio of areas under the corresponding phase peaks.
For a relative evaluation, the content of the powders
mostly consists of the dominant garnet phase for
GGG1 powders, as seen in Fig. 6. These results
indicate that gadolinium-gallium garnet powders can be
synthesized from a molar ratio of [Gd]/[Ga] with 36/64

annealed @ 800 °C for 2 hours
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Fig. 5. XRD patterns of GGG, GGG1, and GGG2 samples annealed at (a) 800 °C and (b) 1000 °C for 2 hours.
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Fig. 6. The content ratio of the two phases for GGG, GGG1, and GGG2 nanopowders at 800 °C (a) 1000 °C (b) for 2 hours.

Table 1. Mean particle sizes of the nanopowders calculated from
the Scherrer equation.

NanoIp]S)wder T’:;‘;Z?gglgre An;ﬁgng A\;rzige
(°C) (hours) (nm)
GGG 800 12 3
GGG1 800 2 29
GGG2 800 2 27
GGGl 1000 2 36
GGG2 1000 2 34
GGG 1000 2 43
GGG 1000 12 53
GGG 1200 12 32

at 800 °C for 2 hours by the sol-gel pechini method.

Grain size distribution is an essential parameter for
nanomaterials because the materials’ chemical and
physical properties depend on the particle size. Two
different methods were used to estimate the grain size
of the samples from XRD measurements. The mean
grain size was first calculated by the Scherrer equation
[45], D=KA/BcosB, where D is the average grain size,
K is the dimensionless shape factor, has a typical value
of about 0.9, A is the X-ray wavelength (0.15418 nm),
0 is the diffraction angle, B is the full-width at half-
maximum (FWHM) of the peak. The strongest peak at
20=32.29° was selected to calculate the crystallite sizes
of the powder samples. The particle size of the
nanopowders is summarized in Table 1. The results
show that the particle sizes increase with increasing
annealing temperature.

The grain size distribution (GSD) was also analyzed
by Pielaszek FW%/%M method, which can be utilized to
the crystalline polydispersive powders [46]. The
method accepts that the grain sizes obey the Gamma
distribution. The diffraction file data is converted from
two-theta to scattering vector units, g=4nsin6/A. The
full widths measured at 1/5 and 4/5 of the maximum

peak from the diffraction line profile can be labeled as
Fwiv and Fwiu, respectively. The mean particle size
D and its dispersion o are expressed as

2BC
F W‘—‘M
5

o_28BJC
FW%‘M

D=

where auxiliary factors 4, B, and C are:

FW%M
A=arcctg| 277069-105723 ———

4
FW=-M
5

B =0.001555+0.00884xctg (0.002237-2101x4)
C=-0.6515-463695x4

The grain size distribution of the nanopowder samples
annealed at 800 °C versus the grain size is shown in

The peak at 26 = 32.29°

—s—GGG-800"C
—e— GGG1-800 °C
—— GGG2-800 °C

Grain Size Distribution

T T

0 50 100 150 200 250 300 350 400

Grain size (Angstrom)

Fig. 7. Grain size distributions calculated using the Pielaszek
method for the annealed nanopowders.
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Fig. 7. GGG1 and GGG2 samples have similar particle
size distributions. The results are compatible with the
mean particle sizes of the nanopowders calculated from
the Scherrer equation.

Morphological analysis

SEM images of the synthesized powders are shown
in Fig. 8. It can be observed that all powders are
loosely agglomerated, and there are spherical
nanoparticles in the structure annealed at 800 °C for
two hours with the particle diameter ranging from 400-
500 nm (Fig. 8(a)). When the annealing duration time
is increased from 2 hours to 12 hours, both the
structure and the nanoparticles contain many pores
(Fig. 8(b)). Although the nanobubbles maintain good
spherical shapes in GGG and GGGl, their diameters

¢) GGG @ 1000 °C for 2 hours

¢) GGG @ 1000 °C for 24 hours

d) GGG1 @ 1000

f) GGG @ 1200 °C for 12 hours

decrease slightly at 1000 °C (Fig. 8(c), 8(d)). Fig. 8(d)
shows the SEM image of one of the cracked
nanobubbles in the structure of GGGl nanopowders
annealed at 1000 °C for 2 hours. It can be seen from
the picture that the nanoparticles are made of thin
spherical shells with larger particle sizes. The increased
annealing duration from 2 hours to 24 hours shows that
the structure contains a few nanobubbles and lots of
pores. At higher temperatures, the nanoparticles split
into smaller particles, and then they start to
agglomerate into a network (Fig. 8(f)). SEM images of
the GGG powders annealed at 1200 °C for 12 hours
present similar ellipsoid shapes with a smaller particle
size distribution. It can be summarized that, as the
temperature increases, the diameter and number of the
nanobubbles decrease, the particle size becomes

-

Dpn e

Fig. 8. SEM images of GGG, GGG1, and GGG2 nanopowders annealed at different temperatures in air.
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Fig. 9. TG-DTA curve of GGG precursor.

gradually greater, the morphologies of crystallites
convert from sphere to ellipsoid, and neck connections
can be observed to form aggregations.

TG-DTA results

The TG-DTA curve of the GGGl gel is shown in
Fig. 9. There are three major endothermic peaks below
500 °C in the DTA curve. The endothermic peak at 170
°C is ascribed to the desorption of adsorbed water. The
second and third peaks correspond to the thermal
decomposition of nitrate and carbonate groups. Fig. 9
represents almost all the weight losses complete below
500 °C by two different stages due to the loss of
nitrate, hydroxyl, and carbonyl groups in the TG curve.

FT-IR results

FT-IR spectroscopy was recorded as another method
to support the characterization of samples. The FT-IR
spectra of GGG annealed at 1000 °C for different hours
are illustrated in Fig. 10. The FT-IR spectra present
intense broad absorption bands in the ranges of 3600-
3000 cm™ arising from stretching vibrations of the

100
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E 40 vibrations organic groupq |
£ 204 { ——GGG-1000 “C-2 hour !
= ] i ——GGG-1000 °C-12 hour
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v T T — — — — —
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Fig. 10. FT-IR spectra of GGG sample annealed at 1000 °C for 2
hours, 12 hours, and 24 hours.
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hydroxyl group. The other peaks at around 1507, 1390,
and 1074 cm™ can be ascribed to N-H, N-O, and C-O
bond vibrations, respectively [23]. The increasing
calcination temperature weakens all these absorption
peaks due to the decomposition of starting materials.
The characteristic Gd-O and Ga-O metal-oxygen
stretching vibration peaks representing gadolinium-
gallium garnet formation are observed at 673, 616, and
571 cm™ after 800 °C annealing temperature and 2
hours of annealing holding time [12]. The absorption
intensity of Gd-O and Ga-O bands became stronger
with the increasing annealing time and temperature due
to the growth of crystallinity. The results are in good
agreement with XRD measurements.

Conclusions

Phase-control of the host materials is a critical
problem for optical and magnetic materials. In this
study, the effect of molar ratio [Gd]/[Ga] on the
formation of the gadolinium-gallium garnet crystalline
structure was examined. The nanocrystalline gadolinium-
gallium garnet powder was fabricated at a lower
annealing temperature (800 °C) for a shorter annealing
time (2 h) by the sol-gel pechini method. Gadolinium-
gallium gammet (Gd;GasO;;) nanopowders were
successfully obtained at [Gd]/[Ga]=0.56 (GGGI1
nanopowder sample) molar ratio. The results of FT-IR
spectra reveal that well-crystallized Gd;GasO,, is
formed, which is in agreement with the result from
XRD. Nanopowders show spherical bubble forms of
thin spherical shells with particle diameters ranging
from 400-500 nm. Scanning electron microscopy (SEM)
and XRD line broadening show that the crystallite size
grows, and the diameter and number of the nanobubbles
decrease with increasing annealing temperature. The
average particle size of the nanopowder annealed at
800 °C is calculated in the range of 20-30 nm.
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