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In this work, the technique of electrospinning has been employed to fabricate uniform one-dimensional
(1-D) Yttrium aluminum garnet (YAG) nanofibers. YAG precursor was prepared by sol-gel method
using ethanol as solvent. Alcoholic solutions containing polyvinyl Alcohol (PVA) have been used as a
gel. The sol-gel was then introduced to the electrospinning apparatus to form nanofibers. Upon firing
and sintering under carefully pre-selected time—temperature profiles, ceramic nanofibers retaining the
original morphological features observed in the as-spun composition are obtained. Calcination has
been done at different temperatures (800, 900, and 1000 °C). Analytical tools, such as TGA and SEM
have been employed to elucidate the pathway of ceramic phase formation and the systematic evolution
of morphological features in the spun and the processed fibers. X-ray diffraction has also been used to
identify the crystalline state of the final products. Pure crystalline YAG phase was obtained at 800 °C,
without any intermediate phases such as YAIO; (YAP) and Y4 AlLOg (YAM). The calcination
temperature used in this study is significantly lower than that required by the conventional solid-state
reaction process and comparable with that required by most of the chemical-based synthesis routes.
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1. INTRODUCTION

Yttrium Aluminum Garnet (YAG, with chemical formula Y3AlsO1,) with a cubic garnet
structure has received much attention due to its interesting optical and mechanical properties. It has


http://www.electrochemsci.org/
mailto:kabdelmawgoud@KSU.EDU.SA

Int. J. Electrochem. Sci., Vol. 7, 2012 12219

emerged as the most widely produced laser gain host and has enjoyed recent popularity as a promising
material for optical, electronic and structural applications [1, 2]. YAG is also a candidate for
applications of high-temperature structural materials due to its low creep rate and high thermal stability
and good chemical resistance [3, 4]. YAG powders were conventionally synthesized by solid-state
reaction process using Y,03; and Al,O3 as starting materials. The solid-state reaction process usually
requires a calcination temperature above 1600 °C [5]. The high calcination temperature inevitably
leads to coarsening microstructures and, thus, affects the sinterability of the synthesized powders. In
order to reduce the crystallization temperature, improve the phase purity of the final product and reach
a highly homogeneous distribution of the two phases in the composite material, several types of wet
chemical methods [2, 6-10] have been already developed and successfully used for powder processing.
In addition to solid-state reaction [5, 11, 12], there are many other methods of synthesizing YAG
powders, such as co-precipitation [13, 14], spray pyrolysis [15], hydrothermal synthesis [16] and sol—
gel combustion [17, 18]. Compared with the other methods, the sol-gel method is one of the most
promising techniques because of its inexpensive starting materials, simple synthesis process, lower
heat-treated temperature and achievement of homogeneous multi component powders. Nowadays, it
has attracted more and more attention and been widely used to prepare the pure-phase YAG powders.
The solvent used in conventional sol-gel methods was usually deionized water, and pure-phase YAG
powders were obtained by rapidly calcining the precursors up to high temperatures (>900 -C) [17-21].
For example, coprecipitation process has reduced the formation temperature of YAG phase to 900—
1200 °C [22-24], while formation of YAG can take place at 900 °C for sol-gel process. However, the
chemical processes are of some intrinsic disadvantages over the conventional solid-state reaction one.
For example, coprecipitation usually uses chloride or nitrate salts. Though the presence of anions can
enhance the final product morphology, but at the same time it can damage properties of the synthesized
powders. Removing these ions requires repeated washing, which in turn alters the compositions of the
precipitates. This makes it difficult to control the stoichiometric composition of the designed
compound.

On the other hand, electrospinning, an electrostatic fiber fabrication technique has evinced
more interest and attention in recent years due to its versatility and potential for applications in diverse
fields [25]. The notable applications include tissue engineering, biosensors, filtration, wound dressings,
drug delivery, and enzyme immobilization. The nanoscale fibers are generated by the application of
strong electric field on polymer solution or melt. The non-wovens nanofibrous mats produced by this
technique could be considered as mimics extracellular matrix components much closely as compared
to the conventional techniques. The sub-micron range spun fibers produced by this process, offer
various advantages like high surface area to volume ratio, tunable porosity and the ability to
manipulate nanofiber composition in order to get desired properties and function [26 -28]. Thus far, a
number of metal-oxide nanofibers such as ZnO, SnO,, TiO,, and BaTiO3; have been successfully
produced in a facile manner by an electrospinning method. During this process, reactions such as
hydrolysis, condensation and gelation of the precursors are involved in the morphological evolution of
the fibers. Next, the composite nanofibers are calcined at high temperatures, resulting in
polycrystalline metal-oxide nanofibers [29, 30].
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The main objective of this investigation was the fabrication of Yttrium Aluminum Oxide
nanofibers of high phase purity, which has several nanometer diameter and uniform. YAG nanofiber
was synthesized by electrospinning of a sol containing ethanol as solvent of YAG precursor and an
alcoholic solutions containing polyvinyl Alcohol (PVA) as a gel. By this method, pure crystalline
YAG nanofiber phase was obtained at temperature as low as 800 °C. The effects of calcination
temperatures on the formation of YAG phase have been mainly discussed.

2. EXPERIMENTAL

Aluminum (I11) nitrate nonahydrate (Al (NO3)3-9H,0, 99.99%) A.C.S. reagent from SIGMA-
ALDRICH, yttrium nitrate hexahydrate (Y(NO3)-6H,O, 99.99%), from ALDRICH, citric acid
monohydrate (CsHgO7-H,0, 99.50%) and ethanol were used as starting materials. The molar ratio of
Al (N03)3'9H20 to Y(N03)3’5H20 was 5: 3. Al (N03)3'9H20, Y (N03)3'5H20 and CeHgO7-H,0O were
dissolved in ethanol with appropriate stoichiometric amounts. Y3AlsO;, precursor sol was obtained by
refluxing a solution of the above mentioned precursors using magnetic stirring for 6 h at room
temperature. Polyvinyl alcohol (PVA) with an average molecular weight of 65,000 /mol and
percentage of hydrolysis equal to 98 — 99 has been used as gel solution. Distilled water was used as the
solvent. PVA granules were dissolved in distilled water at 70 C with vigorous stirring for at least 1 hr
to prepare 20 ml of 10 wt. % PVA solution. After cooling down the resulting solution were added to
the solution of Y3AlsO;, precursor sol and stirred for additional 1 h.

In this stage, the sol—gel reaction took place within the precursors and a homogeneous viscous
solution was obtained. Subsequently, the solution was filled in a 20 mL NORM-JECT Luer Lok tip
plastic syringe having an 18 gauge stainless-steel needle with 90° blunt end. The electrospinning setup
included high voltage power supply, purchased from the NanoNC, Inc. (S. Korea), and a nanofiber
collector of aluminum foil that covered a laboratory produced roller with the diameter of 12 cm. The
collector was placed at 20 cm tip to collector distance (TCD). During electrospinning, a positive high
voltage of 20 kV was applied to the needle; and the solution feed rate of 0.1 mL/h was maintained
using a KDS 200 syringe pump purchased from the KD Scientific Inc. (Holliston, MA). The schematic
diagram of electrospinning process is shown in Fig. 1. The electrospun nano-fibrous could be readily
peeled off from the aluminum foil, and the obtained nano-fibrous were stored in a desiccator before the
subsequent calcination process. The as-prepared aluminum yttrium oxide/PVA composite fibers were
collected and calcinated at different temperatures to get pure Y3Als01, fibers with nano to submicron
diameters. The thermal degradation behaviors of the nanofiber were studied with a thermogravimetric
analyzer (TA Instruments, Q500 TGA, United States); instrument in the temperature range from 20 °C
to 800 °C under nitrogen at a flow rate of 40 ml/min and at a heating rate of 10 °C/min. The surface
morphology of the nanofiber was observed with SEM (JEOL GSM-6610LV) scanning electron
microscope and JEOL GSM-7600F field emission scanning electron microscope at an accelerated
voltage of 10 kV. The surfaces were vacuum-coated with platinum for SEM. The structure of the
nanofiber was analyzed by FT-IR spectra. The fiber sample were measured by sensor (Bruker,
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TENSOR Series FT-IR Spectrometer, Germany), connected to a PC, and analysis the data by IR
Solution software, analytical methods are standard in OPUS ™ software.
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Figure 1. Schematic diagram of electrospinning set up.

The nanofiber precalcined at 500 °C for 3 hrs, and then calcined in air at temperatures of 800,
900 and 1000 °C for 2 hrs, respectively. The calcination profile was done according to the schedule
shown in Figure 2. The heating rates were chosen so as to ensure the removal of organic components
without destroying the nanofibrillar morphological features in the end products and also to avoid the
disintegration of the ceramic fibers; as such, ceramics exhibit rather poor thermal shock resistance,
even in bulk. After the furnace was cooled, samples were collected for characterization by various
analytical techniques.
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Figure 2. Calcination temperatures for YAG nanofibers

3. RESULTS AND DISCUSSIONS

Syntheses of oxide materials using sol-gel methods which employ soluble polymers have
previously been reported [31, 32]. Ternary oxides like Y3FesO1, (YIG) have also been produced via a
sol—gel process, in which the organic modification of the starting precursors leads to the formation of
sols exhibiting a dynamic viscosity [33]. Fig. 3 shows the scanning electron micrographs of the
Y3Als012-PVA composite fibers collected on the aluminum foil. The electrospinning process produced
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relatively smooth nanofibers. Beads or agglomerated nanofibers cannot be observed in the obtained
mats. As can be seen in this figure, the solution has produced a smooth morphology for nanofibers
with wide ranges of diameters. On the other hand, all fibers exhibited uniform diameters with several
micrometers in length. It is also observed that most of the as-spun nanofibers have diameter of about
200 nm and are round and uniform over a length of several micrometers. The energy dispersive
spectrum (EDS) collected on the Y3Als01,-PVA sample (whose microstructure is illustrated in Fig. 3)
distinctly identifies Y and Al as the elemental component in the fiber and is shown in Fig. 4. The other
peaks belonging to carbon are generated from the PVA used to prepare the viscous solution of the sol-

gel.
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Figure 5. TGA curve of thermal decomposition of the as-spun Y3AlsO1,/PVA composite nanofibers at
a heating rate of 5 °C/min in static air.
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Fig. 5 shows the TGA thermal decomposition of the as-spun Y3Als01,/PVA composite
nanofibers at a heating rate of 5 °C/min in static air. It can be seen that, a minor weight loss step at
about 200 °C and a major weight loss step from 200 °C up to about 500 °C. No further weight loss was
observed up to 800 °C. The minor weight loss was related to the loss of moisture and trapped solvent
(water, ethanol and carbon dioxide) in the as-spun Y3Als01,-PVA composite nanofibers while the
major weight loss was due to the combustion of organic PVA matrix. The plateau formed between 500
and 800 °C on the TG curve indicated the formation of crystalline Y3;AlsO;, as the decomposition
product [34, 35], as confirmed by FT-IR and XRD analyses shown in Figs. 6 and 7, respectively.

FTIR spectra of the Y3AIls01,/PVA composite nanofibers before and after calcination is shown
in Fig. 6 (a and b). The Sample contains AI-O and Y-O bond along with some O-H implying presence
of some hydroxyl group. Presence of O—H is not uncommon due to the presence of PVA. The as spun
fiber mats exhibited Al-O stretching mode for octahedral co-ordination before calcination but when
the sample was heat treated at 900 °C Al-O stretching mode both for octahedral and tetrahedral co-
ordination were noticed. From literature, [36], it was found that Al is hexa-coordinated in aqua
complex and in Al,Og3, but in YAG, Al exhibited both tetra and hexa-coordination. On calcinations the
tetrahedral Al cation normally changes to octahedral co-ordination. However in sol-gel technique, the
cations polymerized into gel form maintaining its co-ordination partially in octahedral and partly in
tetrahedral form. Therefore, on calcination, Fig. 6 (b), this Y3AlsO1,/PVA composite nanofibers was
converted to the pure Y3Als01, containing Al in both tetrahedral and octahedral co-ordination as is in
YAG. This was probably the reason of early bulk conversion of precursor nanofiber to YAG.
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Figure 6. FT-IR spectra of the (a)Y3AlsO1,/PVA, (b) Y3Als01, samples calcined in air for 2 h at 900
°C

The X-ray diffraction patterns of YAG nanofibers calcined at different temperatures are shown
in Fig.7 It is clear that, the diffraction peaks of YAG calcined at 800 -C can be indexed as crystalline
YAG phase and no intermediate phases such as YAP and YAM can be detected. Further calcining of
the nanofibers up to 900 °C shows an increase of diffraction peak intensity and a decrease of
diffraction peak full-width at half-maximum (FWHM) due to the improved crystallinity and grain
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growth. High and sharp peaks are observed when the temperature is elevated to 1000 C. The results of
XRD above reveal that pre-calcination can lower the crystallization temperature of YAG phase
comparing with the process without precalcination [38].
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Figure 7. XRD patterns of YAG nanofibers calcined at different temperatures for 2 h (a) 800 °C (b)
900 °C (c) 1000 °C

SEM photographs of the aluminum yttrium oxide fibers obtained after calcinations at different
temperatures were presented in Fig. 8. The PVA was selectively removed by calcination of the as spun
composite nanofibers in air at 800, 900, and 1000 °C. From Fig. 8 (a) it is clearly seen that well-
dispersed YAG nanofiber was synthesized by electrospinning followed by calcination process except
for a few agglomerations of several particles. It can be noted that the sample calcined at 800 °C
remained as continuous structures, Fig. 8 (a), and their diameters are somehow reduced. The reduction
of nanofiber size of YAG calcined at 800 °C can be attributed to shrinkage resulted from burning of
PVA. By contrast, nanofibers calcined at 900 and 1000 °C is filled with hard particle agglomerations
as shown in Fig. 8 (b) and (c). After calcination at 900 and 1000 °C, the nature of nanofibers changed,
and a structure of packed particles or crystallites was prominent, which may be due to the
reorganization of the Y3AlsO;, structure at high temperature. The morphology of the samples of
Y3Als012 nanofibers calcined at 900 and 1000 °C are converted into elongated and agglomerated
nanoparticles. This result can be understood by considering that a polymer molecule adsorbed on the
surface of a precursor has a higher decomposition temperature, and its continued existence at a
relatively high temperature may reduce the diffusion of elements between particles that contribute to
better dispersion of the powder. The changes in the morphology are related to a dramatic change in
crystal structure as observed in electrospun NaCo,0, [37] and BagsSro4TiO3 [39].
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Figure 8. SEM morphologies of YAG nanofibers calcined at different temperatures for 2 h. (a) 800 °C,
(b) 900 °C and (c) 1000 °C.

4. CONCLUSION

Nanostructures of Y3AlsO1, have been successfully fabricated using an electrospinning
technique. Polycrystalline Y3AlsO1, nanofibers (diameter of ~60-200 nm) as confirmed by XRD were
formed after calcination of the as-spun Y3Als01,-PVA composite nanofibers in air at 800, 900 and
1000 °C for 2 h. The crystal structure and morphology of the nanofibers were influenced by the
calcination temperature. We believe the electrospun Y3Als0;, nanofibers could have potential in many
applications as nanocomposites, separation, anodic material in lithium ion batteries, catalysts, and as
electronic material for nanodevices and storage devices.
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