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Synthesis of Yttrium Iron Garnet (Y;FesOq,)
nanopowders by a simple proteic sol-gel process
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Yttrium iron garnet Y3sFesO12 nanopowders were synthesized by a proteic sol—-gel process using coconut water as a solvent.
The polymeric precursors were characterized by TG-DTA to determine the thermal decomposition and crystallization
temperature which was found to be at above 800 °C. The YsFesO12 nanopowders were obtained after calcination of the
precursors at various temperatures of 800, 900, 1000, and 1100 °C. The prepared samples were characterized by XRD,
SEM, and TEM techniques. The particle sizes estimated from XRD were in the range of 22-55 nm. The size of magnetic
nanoparticles increased with increasing calcination temperature. The study of magnetic properties by VSM at room
temperature showed that the samples are ferromagnetic, having the specific magnetizations of 2.6, 5.3, 8.3, and 17.1
emu/g at 10 kOe for Y3Fes0+2 samples calcined at 800, 900, 1000, and 1100 °C, respectively. The cytotoxicity to NIH 3T3 of
the prepared YsFesO42 samples was evaluated by MTT assay. The results showed the low cytotoxicity in the calcined
YsFesO12 samples, which are useful for biomedical applications.
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1. Introduction

The ferromagnetic garnet, yttrium iron garnet
(YsFesO,) and its derived compounds are known as
important class of materials due to their magneto-optic
properties which lead to several applications including
electronic devices such as phase shifters for microwave
and circulator and magneto-optical devices [1-3]. Many
methods have been used to prepare Y;FesO,, material. The
conventional way of producing this material is by solid
state reaction of with oxide/carbonate (e.g. Y,O; and
Fe,O4 powders) and calcined at high temperature (>1200
°C) [4]. However, this method had some inherent
disadvantages such as chemical inhomogeneity, coarser
particle size, and introduction of impurities during ball
milling. To overcome these problems, several techniques
have been recently developed for preparations of finer
Y;FesO,, powders, including sol-gel auto-combustion
process method [5,6], sol-gel method [7,8], coprecipitation
method [9] and microemulsion method [10]. The
properties of Y;FesO;, particles are strongly affected by
the composition and microstructure, which are sensitive to
the preparation methodology used in their synthesis.
Among other established synthesis methods, simple and
cost effective routes to synthesize Y;FesO,, nanopowders
by utilization of cheap, nontoxic and environmentally
benign precursors are still the key issues.

Recently, a simple solution route using the coconut
water (Cocos nucifera) as a precursor of organic chain
(referred to as a proteic sol-gel) has been successfully
used in the preparation of thin films (i.e., CoFe,04 [11,12],
Y,0; [13], LiyMn,0O4 [14], and BaFe;;0y9 [15]) and
nanopowders (i.e., NiFe,O4 [16] and BaFe;09 [17]).
Since the main composition of coconut water is water,
proteins, fats, carbohydrates and mineral salts, the function
of the chelating agent in the solution is mainly attributed to
the protein, which makes the proteic sol-gel process
possible to obtain binary and ternary oxides after heat
treatment the precursor at high temperature [18].

In this paper, we demonstrate the applicability of a
proteic sol-gel process to the preparation of Y;FesOi,
nanopowders with particle size of ~ 22-55 nm using metal
nitrates of yttrium (Y) and iron (Fe) as metal source in an
aqueous medium of filtered coconut water. The
synthesized Y3FesO;, samples were characterized by
thermogravimetric-differential thermal analysis (TG-
DTA), X-ray diffraction (XRD), scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The magnetic properties of the prepared Y;FesO,
samples were investigated using a vibrating sample
magnetometer (VSM) at room temperature. The
cytotoxicity to NIH 3T3 of the prepared Y;FesO,, samples
was also evaluated by MTT assay.
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2. Experimental

Y(NO3);.6H,O (99.99% Purity, Kento Chemicals,
Japan), Fe(NOs);.9H,0 (99.9% Purity, Kento Chemicals,
Japan) and filtered coconut water solution were used as the
starting materials. In a typical procedure, 7.2843g of
Y(NO;);.6H,0 and 12.7121g of Fe(NO3);.9H,0 (a mole
ratio corresponding to nominal composition of Y : Fe ratio
of 3 : 5) were added slowly to the filtered coconut water
solution with vigorous stirring at 37 °C for 1 h. The initial
pH of mixed solution was about 0.81. Then, the mixed
solution was evaporated by heating on a hot plate at 100
°C with vigorous stirring for several hours until a dried
precursor was obtained. The dried precursor was crushed
into powder using mortar and pestle. In order to determine
the temperature of possible decomposition and
crystallization of the powders, the dried precursor was
subjected to thermogravimetric-differential thermal
analysis (TG-DTA) (Pyris Diamond TG-DTA,
PerkinElmer Instrument). The crystallization seemed to
occur at temperature above 800 °C (Fig. 1). The dried
precursor was then calcined in a box-furnace at 800, 900,
1000 and 1100 °C for 3 h in air. The final products
obtained were dark brown sample.
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Fig. 1. TG —DTA caves of thermal decomposition of

Y;FesO,, precursor at a heating rate of 5 °C/min in static
air.

The prepared samples were characterized for crystal
phase identification by powder X-ray Diffraction (XRD)
using a Philips X-ray diffractometer (PW3040, The
Netherlands) with CuKa radiation (4 = 0.15406 nm). The
particle size and external morphology of the fine calcined
powders were characterized by scanning electron
microscopy (SEM) (LEO 1450VP, U.K.) and transmission
electron microscopy (TEM) (JEM 2010, JEOL, Japan).
The magnetic properties of the calcined powders were
examined at room temperature (20 °C) using (VSM 7403,
Lake Shore, USA).
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Fig. 2. XRD patterns of (a) precursor and Y;FesO;,
samples calcined in air at (b) 800, (c) 900, (d) 1000 and
(e) 1100 °C for 3 h.

For cell culture and maintenance, Mouse fibroblasts
(NIH 3T3) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco BRL, USA) and
100U penicillin/ 1 mg/ml streptomycin (Sigma-Aldrich,
USA). Medium was replaced once in every 2 days and the
cell cultures were maintained in an incubator at 37°C and
5% CO, humidified atmosphere. The cytotoxicity of the
samples were evaluated with NIH 3T3 and viable cells
were measured by MTT colorimetric assay (Sigma, USA).
Cells at 80-90% confluence were trypsinized and 1 x 10*
cells were seeded on each well of 96-well culture plate for
24 h. The extracted Y;FesO;, liquid was performed in
sterile distilled water at 121°C for 1 h with the ratio of 0.2
g/ml. Cells were incubated with 20 pl extracted Y;FesOq,
liquid and sterile water (control) for 24 h. After removal of
the medium, 10 pl of 12 mM MTT solution was added and
the cells were incubated for further 4h. Blue formazan
crystals, metabolized MTT in mitochondria of viable cells,
were dissolved in 50 pl of dimethylsulfoxide (DMSO;
Sigma, USA) and measured at 550 nm by the plate reader
(Biorad, Japan). The average value of 4 wells was used for
each sample and two repeats were done in each
experiment. The control NIH 3T3 cell viability was
defined as 100%. Statistical comparison was performed
using one-way ANOVA with SPSS software version 11.5
(SPSS, Germany). P value < 0.05 was considered
statistically significant.

3. Results and discussion

The TG curve in Figure 1 shows a minor weight loss
step from 100 °C up to about 280 °C and major weight loss
step from ~280 °C up to about 400 °C. The minor weight
loss was related to the losses of moisture and trapped
solvent (water and carbon dioxide), while the major
weight loss was due to the combustion of organic matrix.
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On the DTA curve, two main exothermic peaks were
observed at ~221 and 372 °C, suggesting that the thermal
events related to the burn-out of organic species in the
precursor. The plateau formed between 850-1000 °C on
the TG curve indicated the formation of Y;FesO;, as the
decomposition product, as confirmed by XRD analysis,
shown in Fig. 2.

XRD patterns of all samples in Fig. 2 show typical
peak patterns, which can be indexed as the Y;FesOp,
structure in the standard data (JCPDS, 33-363) [6,19,20].
However, the presence of second phases such as y- Fe,O
(JCPDS, 39-1346) and YFeO; (JCPDS, 39-1489) are also
detected [20,21]. The values of lattice parameter (a)
determined from XRD results are 1.20386, 120271,

400 nm

Morphology of the calcined Y;FesO,, powders was
revealed by SEM as shown in Figure 3. The powder
sample calcined at 800 °C consists of small particles (<50
nm) and large agglomerate particles (~200 nm-2 pm),
while the powder sample calcined at 900 °C contains
agglomerate particles having size in the range of 50-400
nm. The 1000 °C-calcined sample and 1100 °C-calcined
sample also contain agglomerate particles having size in
the ranges of 200-600 nm, and 400-1000 nm, respectively.
It is noted that the particles size estimated by SEM are
larger than those obtained from X-ray line broadening.
This is due to agglomeration of the nanoparticles in the
powder samples. It is clearly seen from the SEM results
that the particle size of the powder increased with
increasing calcination temperature.

1.19328 and 1.19684 nm for the powder samples calcined
at 800, 900, 1000 and 1100 °C, respectively. These values
close to that of lattice constant a = 1.2377 nm in the
standard data (JCPDS, 33-363). The crystallite sizes of the
powders were estimated from X-ray line broadening using
Scherrer’s equation [22] (i.e. D = 0.89k/ (BcosB), where k
is the wave-length of the X-ray radiation, K is a constant
taken as 0.89, 0 is the diffraction angle. § is the full width
at half maximum (FWHM)), and were obtained to be 22,
30, 33 and 55 nm for the powder calcined at 800, 900,
1000 and 1100 °C, respectively.

Fig. 3. SEM micrographs of Y;FesO,,samples calcined in air at (b) 800, (c) 900, (d) 1000 and (e) 1100 °C for 3 h.

The morphology of the samples was further
investigated by TEM. Fig. 4 shows TEM bright-field
images of the calcined Y;FesO;, samples. It is obvious that
the morphology and size of the samples was affected by
the calcination temperatures. The Y3FesO;, sample
calcined at 800 °C contains agglomerate nanoparticles with
diameter ~ 20-100 nm. The differences in morphology and
size of these particles can be an indication of their
difference phase structures and composition. The 900 °C
and 1000 °C calcined samples consist of linked particles of
~100-200 nm in diameter. The Y;FesO,, sample calcined
at 1100 °C contains a large particle with particle size of ~
250-300 nm.
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Fig. 4. TEM images of Y3Fe;O,,samples calcined in air at (a) 800, (b) 900, (c) 1000 and (d) 1100 °C for 3 h.

The specific magnetization curves of calcined
Y;Fes0;, sample obtained from room temperature (20 °C)
are presented in Fig. 5. These curves are typical for a soft
magnetic material. They indicate hysteresis
ferromagnetism in the field range of +500 Oe, while out
side this range the specific magnetization increases with
increasing field and saturates in the field range
investigated £10 kOe. Specific saturation magnetization
(M) values of 2.6, 5.3, 8.3 and 17.1 emu/g were observed
for Y;FesO;, samples calcined at 800, 900, 1000 and 1100
°C, respectively. These values are comparable to those of
6-21 emu/g for the Y;FesO;, nanoparticles of 9-25 nm
reported by Rajendran et al. [19]. It is found that the
tendency of M; increase is consistent with the
enhancement of crystallinity, and the values of M; for the
Y;FesOy, samples were observed to increase with
increasing particle size as reported previously by other
research groups [7, 19, 23]. Figure 6 shows the values of
magnetization and coercivity as a function of calcination
temperature for the synthesized Y;FesO;, samples. The
coercivity (H.) of Y3FesO;, samples decreases with
increasing calcination temperature. It is seen that the
coercivity is lager and the magnetization is smaller for the

sample having smaller particle size, indicating the larger
anisotropy of the particles with smaller size [19].
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Fig. 5. The specific magnetization of Y3;FesO,, samples

as a function of field, measured at 20°C. The samples

were calcined in air at (a) 800, (b) 900, (c) 1000 and (d)

1100 °C for 3 h. The inset shows the low-field region of
+ 600 Oe.
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Fig. 6. Magnetizetion and coercivity of Y;FesO,, samples as a
function of calcination temperature.
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Fig. 7. NIH 373 Cell Viability in response to the
extraction liquid of Y;FesO,, precursor and Y3;FesO;,
powders calcined in air at (a) 800, (b) 900, (c) 1000, and
(d) 1100 C, for 3 h. Cell viability was measured after
the incubation at 37 °C for 24 h. (n=4, p < 0.05)

The cytotoxicity of Y;FesOy, samples was evaluated
by measuring viable cells after 24 h of incubation with
the magnetic extracted liquids, and the results are shown in
Fig. 7. The results showed that precursor Y;FesO;, sample
was highly toxic to the cells as seen from the results of cell
viability at 24.8% (Fig. 7). However, the cytotoxicity of
the Y;FesO;, samples calcined in air at 800, 900, 1000,
and 1100 °C for 3 h, was greatly reduced. The cytotoxicity
of the Y;FesO,, samples calcined at 800, 900, 1000, and
1100 °C was less than 20% in all samples (Fig. 7). The
cell viability results were 90.8 + 2.9, 93.9 + 3.8, 92.1 +
3.0, and 92.2 £ 1.9%, respectively. The low cytotoxicity of
the calcined Y;FesO;, samples suggests their potential
applications in biomedicine.

4. Conclusions

We have successfully synthesized Y;FesOp,
nanopowders by a proteic sol-gel process using coconut

water as a solvent. In this proteic sol-gel process, the
proteins form the chain where yttrium and iron ion(s) were
bound and formed an organic precursor upon heating at
low temperature. After having been calcined at 800, 900,
1000, and 1100 °C, the precursor was transformed into
Y3Fes0p, nanopowders. The prepared samples were
characterized by XRD, SEM, and TEM techniques. The
size of magnetic nanoparticles increased with increasing
calcination  temperature. The calcined Y3FesOq,
nanopowder samples are ferromagnetic, having the
specific magnetizations of 2.6-17.1 emu/g at 10 kOe. The
magnetization of samples increased with increasing
particle size, while the coercivity decreased with
increasing particle size which is due to the larger
anisotropy of the particles with smaller size. The Y;FesO,
precursor was highly toxic to the NIH 3T3 cells, whereas
the calcined samples showed a reduction in their toxicity
to the cells.
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