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Abstract: The orthorhombic perovskite, Gadolinium aluminum oxide (GdAlOs;, GAP) material was
successfully prepared by hydrothermal supercritical fluid method using co-precipitated gel of GAP. All
experiments were carried out in the pressure and temperature ranges of 100—150 MPa and 180-650 °C
respectively. The as-prepared GAP samples were systematically characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray
spectroscopy (EDS), thermo gravimetry (TGA) and differential thermo gravimetry analysis (DTA). The
XRD profile confirms fully crystalline and orthorhombic nature of as-prepared materials, which is well
correlated to the reported results. The SEM studies reveal that the GAP materials synthesized at
650 °C/150 MPa for 92 hrs possesses polycrystalline nature with average particle size in the range of
5-20 um. The DTA shows a crystallization peak at 361 °C at this temperature the agglomerated GAP
gel starts to crystallize into polycrystalline GAP materials. When compared with other methods, like
sol-gel and solid-state reactions our crystallization temperature is very much lower and feasible. This
work not only demonstrates a simple way to fabricate GAP polycrystalline materials from
co-precipitated gels but also shows a possible utilization of same technique for synthesis of other high
temperature materials.
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1. Introduction

Ceramic based materials on the Ln,O3-Al,03 system (Ln-Lanthanide element) have shown their
potential applications as a neutron absorber, flux suppressors, and high-temperature container
materials [1]. Further, processing of these materials is considerable interest due to their magnetic and
optical properties [1-4]. The study of rare-earth perovskite is of huge interest because of their
relatively simple crystal structure with many diverse electric, magnetic, optical, piezoelectric,
catalytic, and magnetoresistive properties. Among aluminum perovskite group, several of them are
employed has host for solid state-state laser, luminescence system, solid electrolytes, chemical
sensors, magnetic refrigeration materials, substrates for high-temperature superconductor deposition,
catalyst supports and thermal barrier coatings [5,6]. Gadolinium aluminum perovskite (GAP) are
widely used in the preparation of phosphors for color TV tubes [7—11], scintillator [12], regenerator
material for sub-4k cryo-coolers [13], Luminescence thermometry with Eu’" doped GAP [14], as
well as a potential host system for materials with oxygen ion conductivity [15,16,17]. Currently,
GAP material is under development as a candidate for the neutron absorption and control rod
applications. Conventionally, GAP is produced by solid-state reaction of gadolina and alumina
powder which involves extensive mechanical mixing followed by heat treatment for prolong duration
and sintering at relatively high temperatures (1650-1700 °C) [18,19]. To avoid the problem
associated with solid-state synthesis of GAP powder, several wet-chemical techniques, such as
polymerized complex route, combustion system, sol-gel, flux methods, melt technique, citrate-nitrate
solution and microwave technique have been used to synthesize GAP [7,9,15,20-27]. However, these
are high-temperature methods which consume a lot of energy and lead to certain thermally induced
strain in the resultant products thereby affecting their quality and indorsing crystal defects. In our
previous investigation, we reported the synthesis of the pure phase of aluminum perovskite materials
using supercritical hydrothermal technique [28,29,30]. The supercritical hydrothermal technique
(SHT) has advantages over mild hydrothermal technique (MHT) to obtain GdA1O; powder with high
purity and homogeneity, fine crystallinity, narrow size distribution and controlled particle
morphology. Beyond the supercritical point (373.946 °C/22.064 MPa) in the liquid—vapor space,
water exists as small but liquid-like (associated) hydrogen-bonded clusters dispersed within a
gas-like (dissociated) phase [31]. Previously, we had investigated hydrothermal synthesis of GAP
particles with significance to their phase formation [32]. In this paper, we extend our previous
research work and have varied the experimental environments and discussed about the favorable
condition employed for synthesis of orthorhombic GAP phase. Our preparation conditions are much
milder and simpler than those of conventional solid-state method, which require high-temperature
heat treatment. Further, the TG-DSC behavior of co-precipitated gel during the formation of GAP
polycrystalline phase has been discussed. The SEM images of as-prepared GAP materials are
compared and discussed with co-precipitated GAP gel starting materials. The particle size and
morphology of the GAP materials synthesized at 650 °C/150 MPa are quite different from our
previously reported results. The as-prepared samples were subjected to systematic characterization
using thermal analysis/differential scanning calorimetry (TG/DSC), powder X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscope and energy dispersive
X-ray spectroscopy (SEM/EDAX).

AIMS Materials Science Volume 4, Issue 3, 540-550.



542

2. Materials and Method
2.1. Materials

Gadolinium oxide (LOBA Chemie Co. Ltd, purity 99.9%, extra pure), aluminum oxide (LOBA
Chemie Co. Ltd., purity 99%, neutral), nitric acid (LOBA Chemie Co. Ltd., purity 69%, pure),
ammonium solution (LOBA Chemie Co. Ltd.). All the reagents were of analytical grade and used
without further purification. Deionized water was used for post treatment processes.

2.2. Hydrothermal Synthesis of Gadolinium Aluminum Perovskite (GdAIO3;, GAP)

Synthesis of gadolinium aluminate (GdAlOs;, GAP) polycrystalline ceramics materials by
hydrothermal supercritical technique were carried out using externally heated (Tuttle-Roy test tube
type) pressure vessels. The co-precipitated gels of gadolinium and aluminum were used as precursors.
These co-precipitate gels are more sensitive and highly reactive materials for the synthesis of
perovskite materials. The possible reaction mechanism for the formation of GAP co-precipitate gel is
as shown:

Gd:0:+ 6HNO: — 2Gd(NO:): + 3H:0 (1)
ALO: + 6HNO; — 2AI(NO:); + H.O )
Gd(NO:):+ AI(NO:):+ 6NH.OH — Gd(OH):+ Al(OH):+ 6NH.NO:  (3)
Gd(OH):+ AI(OH): — 1/2Gd.0:+ 1/2ALO:+3H:0 (4)
1/2Gd:0:+ 1/ 2ALO: — GdAIO: (5)

The schematic flow chart for the preparation of co-precipitation gel using respective raw materials
is illustrated in Figure 1. Similar, method was also adopted by Basavalingu et al. for the synthesis of
orthorhombic YAIO; [28] and, Hamilton & Henderson for preparation of silicate minerals [33]. The
experimental details of hydrothermal runs on the synthesis of GAP materials are shown in Table 1. The
experiments were carried out using the conventional test tube type Tuttle-Roy externally heated pressure
vessels in the pressure and temperature range of 100—150 MPa and 180-650 °C, respectively. The
starting co-precipitated gels were homogeneously mixed and were taken in a sealed gold tube of
50-60 mm in length and 4.5 mm in outer diameter and with wall thickness of 0.1 mm. The capsules
were carefully sealed with arc welding after taking the appropriate quantity of starting charge
comprising of both solids and liquids. The capsules were checked for leakage before placing into the
vessel by keeping them for extended heating in a hot air oven at 100 °C for check any weight difference.
The capsules showing any weight loss during this process were discarded. The duration of the
experimental runs was 48 to 92 hours, and later the vessels were quenched by compressed air blast.
After the desired experimental condition the run products was carefully removed by cutting the capsules,
was recovered, washed with distilled water, ultrasonicated and dried in hot air oven at 70 °C for 8 hours.
The resultant product obtained was subjected to further characterization using different analytical
techniques.

2.3. Material Characterization

The reaction process was studied by using differential scanning calorimetry and thermogravimetric
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analyses (DSC-TG, Netzsch STA 449F3, Germany) for prepared co-precipitated gel from RT (room
temperature) to 1400 °C. The XRD analysis was carried out to study the crystalline phase at ambient
temperature using Rigaku-D/MAX-2400 diffractometer with CuKa radiation from 26 = 0° to 70° at a
step of 0.05°. The infrared spectra in the range of 4000-400 cm ' were recorded using FT-IR
spectrophotometer, Jasco 460 plus, Japan. Energy dispersive X-ray analyses (EDAX) were used for
quantitative analysis and scanning electron microscope (SEM) model JEOL JSM-6380LA was used for
studying the morphology and microstructure of the as-prepared samples.

Neutralized by
adding aqueous
Ammonia

Gd(NOs); Soluﬁot\

Dried and heated in step

Mixed with 1:1  of 50 °C/hr up to 600 °C
\ mol proportions

Aleg, + Con. HNO3

AI(NO3); Solution

Figure 1. Schematic diagram have different steps for preparation of GAP co-precipitated gel.
3. Results and Discussion
3.1. TG-DSC Curve Analysis of Co-precipitate Gel

The thermogravimetric and differential thermal analysis of co-precipitated gel were carried out
using a Netzsch STA 449F3, Germany in the temperature range 20—1400 °C at a heating rate of
10 °C/min under Argon atmosphere and the results are illustrated in Figure 2. The TG-DSC profile
clearly depicts that during the preparation of co-precipitate gel which involves different step like aging,
drying, and heating at 600 °C, H,O and volatile compound like NH; were released. It was also observed
that there was a small endothermic reaction at 75.6 °C which is attributed to the release of a trace
amount of moisture and NH; gas. Further, major weight loss was observed at the temperature range
between 300400 °C. This is due to the evolution of gasses such as NO, NH3, and NO,. The DTA
shows a crystallization peak at 361 °C at this temperature the agglomerated GAP gel starts to crystallize
into polycrystalline GAP materials. At the region of 1148 °C, a small exothermic peak was observed
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which is associated with significant weight change in the sample complete formation of orthorhombic
GAP. The crystallization temperature is lower when compared to other methods, like solid-state

reactions [19].
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Figure 2. TG and DSC profile curves of precursor sample recorded from ambient to
1400 °C with a heating rate of 10 °C/min under Argon atmosphere.

Table 1. Experimental detail for the synthesis of GAP in different experimental condition

(CPG = Co-precipitated gel).

Exp. No. Precursors Temp. (°C)  Pressure (MPa)  Duration (hrs.) Run Product
HN-6 Gd,0; + AlL,O5; + H,O 180 autonomous 72 Gd,0; + ALO; powder
HN-10 Gd,0; + AlL,O; + H,O 200 autonomous 48 Gd,0; + Al,O; powder
HN-12 Gd,0; + ALOs + H,O 200 autonomous 72 Gd,0; + AlL,O; powder
HN-16 CPG + H,O 200 autonomous 72 AlL,O; powder
HN-21 CPG + H,O 400 autonomous 72 ALO; powder
HN-25 CPG +H,0O 400 100 48 Gd,0; + Al,O3 mix phase
HN-31 CPG +H,0O 500 100 48 Gd,0; + Al,O3 mix phase
HN-37 CPG + H,O 500 100 72 Gd,0; + Al,O3 mix phase
HN-39 CPG + H,O 600 120 72 GAP + AL, O; phase
HN-41 CPG + H,0 600 120 92 GAP + AL, O; phase
HN-47 CPG + H,O 650 150 92 GAP phase
HN-49 CPG +H,0O 650 150 92 GAP phase

3.2. X-ray Diffraction

The XRD patterns of the co-precipitated gel, synthesized GAP and reported GAP standard material
are shown in Figure 3. The XRD pattern of co-precipitated gel used as the starting material for GAP
synthesis was amorphous in nature without any diffraction peaks. On the other hand, the XRD pattern of
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as-prepared GAP polycrystalline materials matches well with already reported PDF, 46-0395 of
orthorhombic GdAIO; phase [34]. The peaks in the region 23.87, 33.98, 42.08, 48.77, 55.09 and 60.98
corresponds to (002), (112), (202), (220), (114) and (312) planes, respectively. The resultant X-ray
pattern is similar to the X-ray diffraction data of GAP synthesized by solution combustion
method [10,24], sol-gel method where the samples were repeatedly dried and sintered at 1000 °C for
10 hrs [35], nanocrystalline GdAlO; synthesized in citrate gel method in absence of oxygen at
1200 °C [23], reverse micelle method where calculations was carried at temperature above 1000 °C [36],
synthesized Eu’" doped GdAIlO; in solid state reaction above 1000 °C [19] and Tb*™ and Bi*" doped
GdAIOs; synthesized by solvothermal reaction method at 1000 °C [8]. It was observed that at a
temperature less than 600 °C, and 150 MPa pressure, the resultant products were a mixed phase and the
small peak arise at 23.8 theta region matches with Al,O3; impurity phase (not shown). The refinement of
lattice parameters was done using CHEKCELL software and obtained lattice parameters was compared
with the reported data which is shown in Table 2. From the XRD pattern of the GAP, it is clear that the
synthesized compound possess highly crystallized pure phase. The cell parameter of the synthesized
GAP is different in a small amount which might be due to the experimental conditions.
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Figure 3. X-ray diffraction pattern: a) reported a pattern of GAP, JCPDS = 46-0395 [34],
b) Co-precipitated gel of GAP and c) Synthesized GAP at 650 °C/150 MPa at 92 hrs.

Table 2. Refined lattice parameters of synthesized GAP compared with reported data.

Compound a-axis (A) b-axis (A) c-axis (A) Cell volume (A%
GAP (PDF = 46-0395) [34] 5.251 5.301 7.445 207.27
Synthesized GAP 5.243 5.302 7.441 207.12

3.3. Infrared Spectra and SEM with EDAX Analysis

To investigate the chemical composition and chemical bonding of co-precipitate gel of GAP and
polycrystalline GAP materials, FT-IR was carried out and the corresponding spectra are shown in
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Figure 4. In the FT-IR spectrum of the co-precipitate gel (Figure 4a), there is a broad strong absorption
at around 3450 cm ' and a narrow band at 1635 cm™' which are assigned to the stretching and bending
modes of absorbed water, respectively. Figure 4b presents FT-IR spectra of the GAP sample synthesized
at 650 °C/150 MPa condition. The small absorption band from 3000 cm ™' to 3800 cm ™' corresponds to
the OH mode which might be due to the water molecules absorbed at room temperature. On the other
hand, -C=C— bond in the synthesized GAP material is represented by the band at 1570 cm™' which
might be due to the adsorption of atmospheric carbon (Figure 4b). The band appearing at 1381 cm '
corresponds to vibration modes of NO; groups. The band observed in the low-frequency region of the
spectrum, corresponds to the lattice vibration mode which is attributed to typical gadolinium oxygen
(Gd—O) vibration at 520 cm . The band frequencies at 660 and 465 cm™' which are typical of the Al-O
stretching characteristic vibrations in the perovskite structure compounds [37—40].
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Figure 4. FT-IR spectrum: a) Co-precipitate gel of GAP at room temperature,
b) Synthesized GAP at 650 °C/150 MPa at 92 hrs.

The morphology and the particle size of the resultant product were analyzed by SEM. The SEM
images of the prepared co-precipitate gel were agglomerate in nature (Figure 5a and 5b) which is in
agreement with the XRD result which showed amorphous nature. The SEM image of GAP materials
synthesized at 650 °C/150 MPa for 92 hrs possesses polycrystalline nature with the orthorhombic crystal
structure (Figure 5c and 5d). The SEM images further reveal that the average particle size of synthesized
GAP crystals is in a range of 5-20 um, which clearly shows that are as-prepared products are
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homogeneous material with polycrystalline nature. Furthermore, it is worth to reveal that the
morphology of our synthesized GAP material is quite difference than GdAIO; synthesized from sol-gel
technique [22] and our previous results [32]. Based on XRD and SEM studies it was conformed that the
phase formation under hydrothermal supercritical condition mainly depends on the nature of precursor
materials, crystallization temperature and pressure. The atomic percentage of elements present in the
as-prepared sample was performed at magnification 200x high voltage of 15.0 kV. The atomic
percentage of elements, i.e, Gd, Al and O present in the sample is shown in Table 3. From the EDAX
analysis, it is clear that the synthesized sample is free from impurities and doesn’t contain any foreign
materials. Furthermore, the morphological study in support with compositional study confirms that these
crystals possess nominal phase stoichiometry and the supercritical fluids generated inside the gold
capsules has greatly influenced in the resultant morphology of the crystals and also maintain their
chemical composition.

Figure 5. SEM images: a & b) as prepared Co-precipitate gel of GAP; ¢ & d) synthesized
GAP at 650 °C/150 MPa for 92 hrs.

Table 3. Percentage composition of GAP.

Run product O (at.%) Al (at.%) Gd (at.%) Total (at.%)

GAP 20.72 25.56 53.72 100

4. Conclusions

In summary, we have reported the synthesis of polycrystalline GAP materials under the influence
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on supercritical hydrothermal fluid condition. The composition of the starting charge materials and
experimental condition play an important role in preparation of GAP crystals. So far it was difficult to
synthesize single phase GAP materials due to their difficulty in controlling stoichiometric composition.
In this paper, we have conducted the experiments at pressure and temperature ranges of 100—150 MPa
and 180650 °C respectively. Further, the as-prepared GAP samples were systematically characterized
by different analytical techniques. The XRD results of samples prepared at 650 °C/150 MPa shows well
crystalline orthorhombic phase and SEM shows the samples are of 5-20 um in size. The synthesis
temperature of our experiments was lower than other methods, like sol-gel and solid-state reactions. The
current strategy not only demonstrates a simple possible way to fabricate the orthorhombic phase of
GAP polycrystalline material from co-precipitated gel, but also shows a prospect for further
investigations on the synthesis of similar rare-earth doped oxides for customized applications.
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