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Preparation and evaluation of ferrite-silica
aerogel nanocomposite
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The ferrite-silica aerogel nanocomposite prepared by a sol-gel process and a supercritical drying process was investigated from
the point of view of new composite material. The ferrite nanoparticles were prepared by a coprecipitation method and added to
tetramethylorthosilicate (TMOS) in the range of 0 to 20 mol %. The ferrite-silica wet gel was prepared from TMOS containing
ferrite nanoparticles, ethanol, deionized water and NHj3 aq. as a catalyst, and replaced the liquid phase and aged in the ethanol.
Then, a hydrophobing treatment was performed in hexamethyldisilazane toluene solution. Finally, the ferrite-silica wet gel was
dried in the supercritical carbon dioxide fluid. The obtained ferrite-silica aerogel nanocomposite was evaluated by bulk density,
porosity, specific surface area, pore size distribution, SEM and TEM observation, EDS analysis and magnetization measurement
by VSM. As a result, even if it added the ferrite, the characteristics of aerogel was held and the magnetic property of the ferrite

remained unchanged in the aerogel.
©2014 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Aecrogel is a porous material derived from a gel, in which
the liquid component of the gel has been replaced with a gas.
The main properties of aerogel are an extremely low density
(<200 mg/cm?), a high porosity (>90%), a high specific surface
area (150-1000m?g~') and a low thermal conductivity (<0.02
W/mK).D? Thus, aerogel is practically used as carrier and
a catalyst.) In addition, it is known unique properties such as
transparency and a low refractive index, from the characteristic
of the structure. By utilizing these properties, some applications
such as a transparent low refractive-index material for Cerenkov
detectors, a transparent low density material for collecting cosmic
dust etc. has been also put into practical use.?

Usually, an aerogel is prepared by a supercritical drying using
carbon dioxide in wet gel obtained by a hydrolysis of metal
alkoxide and by a condensation polymerization. As typical aero-
gels, silica aerogel, alumina aerogel and carbon aerogel are well-
known. In addition, some aerogels with functional particles have
been studied. For example, an aerogel composed of titania and
silica® or the composite of metallic nickel and alumina aerogel®
exhibited superior catalytic performance. However, any func-
tional aerogels consisting of a magnetic and dielectric materials
have not been prepared due to uncontrollable gelation and lack
of variety of their metal alkoxides and their expensive cost etc.
In this paper, ferrite-silica aerogel nanocomposites were pre-
pared from a mixture of silica sol and ferrite nanoparticles by a
supercritical drying process. This new magnetic acrogel might be
applied to electromagnetic wave absorber,” and hyperthermia®
etc.
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2. Experimental procedure

2.1 Preparation of ferrite nanoparticles

Ferrite nanoparticles were prepared by a coprecipitation
method.” Raw materials of FeCls-6H,0, NiCl,-6H,0 and ZnCl,
(Wako Pure Chem. Ind., Ltd.) were weighed to be x = 0.1 in
Ni,Zn;_,Fe,04 and dissolved by adding distilled water. The solu-
tion was adjusted to pH 13 by adding NaOH, and then refluxed at
110°C for 24 h. After cooling, excess NaOH was removed from
the precipitation by washing repeatedly with distilled water and
ethanol, resulting in ferrite nanoparticles. The obtained ferrite
nanoparticles were used as ethanol suspension of about 0.07
g/mL without drying.

Synthesized ferrite nanoparticles were identified by a powder
X-ray diffractometer (XRD, Rigaku, RINT1000). The particle
size distribution was measured by dynamic light scattering
particle size analyzer (Particle Sizing Systems,Nicomp380ZLS).
The composition was analyzed by X-ray fluorescence (Rigaku,
ZSX100e).

2.2 Preparation of ferrite-silica aerogel nano-

composites

There are many reports on preparation of silica aerogel. In
this experiment, the report by Tajiri and Tsuchiya et al. was
referred.?"!? Used reagents were as follows: tetramethylortho-
silicate(TMOS, Tokyo Chem. Ind. Co., Ltd.); 1,1,1,3,3,3-hexa-
methyldisilazane(Tokyo Chem. Ind. Co., Ltd.); NH; aq. (28
mass % aqueous solution, Wako Pure Chem. Ind. Ltd.) and
ethanol (Wako Pure Chem. Ind. Ltd.).

First, ferrite nanoparticles were added to TMOS ethanol solu-
tion and were mixed for 10 min on a magnetic stirrer. Then the
mixture was homogenized for 5 min by ultrasonic wave. Second,
deionized water and NHj aq. as a catalyst were added in sequence
and stirred for 5 min, respectively. The obtained sol was injected
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to a resin mold of ¢5 x 5mm and ¢20 x 3 mm, and aged at 50°C
for 2 h in an ethanol. As a result, the sol became to a wet gel. This
processing was performed in an ultrasonic wave container in order
to avoid a sedimentation of ferrite particles. The obtained wet gel
was refluxed at 110°C for 24 h in 1.3 mol/L hexamethyldisilazane
toluene solution for a hydrophobic treatment. After cooling, the
toluene inside the wet gel was again replaced by an ethanol. Then,
the wet gel was treated by the supercritical drying using carbon
dioxide, resulting in ferrite-silica acrogel nanocomposites.

2.3 Evaluation of ferrite-silica aerogel
composites

The bulk density and the porosity were calculated from the
measurement of size and weight. The specific surface area was
measured by BET method. The pore size distribution was mea-
sured by BJH method from volumetric nitrogen gas adsorption
(Bell Japan, Inc., BELSORP-max) for a mesopore region, and
by mercury intrusion porosimeter (Thermo Fisher Scientific Inc.,
PASCAL140/240) for a macropore region. The microstructure
was observed by a field emission scanning electron microscope
(FE-SEM, JEOL Ltd., JSM-7000F) and a transmission electron
microscope (TEM, JEOL Ltd., JEM-2100). The composition was
analyzed by an energy dispersive X-ray spectrometry (EDS,
JEOL Ltd., JED-2300F and EX-230 ** BU). The magnetization
measurement was performed by a vibrating sample magnetom-
eter (VSM, Toei Ind. Co., Ltd.,VSM-5).

nano-

3. Results and discussion

3.1 Ferrite nanoparticles

Figure 1 shows the powder X-ray diffraction pattern measure-
ment of the ferrite nanoparticles. The peaks was identified as
(Ni,Zn)Fe,04. By using a diffraction peak of 26 = 35°, the crys-
tallite size was calculated from Scherrer’s equation(1).

L =KAa/(Bcosh), ¢))

where L is a crystallite size, A is a wavelength of X-ray, f is
a half width, K is a constant (0.9 in this run). As a result, the
crystallite size was estimated to be 14 nm.

Figure 2 shows the cumulative particle size distribution of the
ferrite nanoparticles. It demonstrated that the ferrite particles was
overall nano size since dgy was 128 nm. The average diameter
(dsp) was 65 nm, which was larger than the value calculated from
Scherrer’s equation. Therefore, it was considered that the ferrite
nanoparticles somewhat agglomerated.

Table 1 summarizes the composition analysis of the ferrite. It
demonstrated that Nig;Zng oFe,O4 was prepared as designed.
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Fig. 1. XRD pattern of ferrite nanoparticles.
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3.2 Preparation of ferrite-silica aerogel nano-

composite

A condensation polymerization of TMOS proceeded by the
addition of both H,O for the hydrolysis and NH; aq. as a cata-
lyst to form a silica gel. The time required for gelation was
significantly affected by the concentration of TMOS in ethanol
solution. The gelation time increased with increasing in ethanol/
TMOS molar ratio. When the molar ratio was in the range from
6 to 11, TMOS gelled within 1 h, which was a preferable time for
an experimental processing. Since the ferrite was dispersed in
ethanol from the start, the content of ferrite was automatically
fixed. Figure 3 shows the relationship between ethanol/TMOS
molar ratio, gelation time and maximum ferrite content. In this
run, ethanol/TMOS molar ratio = 11 was selected in order to
prepare a sample containing 20 mol % of ferrite.

The liquid phase substitution and aging were important process
in order to remove catalyst and water remaining in the wet gel,
and to accelerate the condensation polymerization, respectively.
Figure 4 shows the change of the amount of residual water in
the wet gel after repeating substitution. By substituting 5 times,
the residual water in the wet gel became to 10% or less and since
then there was no significant decrease of residual water even if
the substituting was repeated furthermore.
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Fig. 2. Particle size distribution of ferrite nanoparticles.

Table 1. (a) Composition analytical result of ferrite (wt %)
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Fig. 3. Relationship between ethanol/TMOS molar ratio, gelation time
and maximum ferrite content.
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Table 2. Trial by supercritical drying process

State of CO, Temperature pressure

Number of substitution

Treatment time After treatment

1) liquid room temp. 9 MPa 1 3h shrinking cracking
2) liquid room temp. 9 MPa 5 6h shrinking cracking
3) supercritical 40°C 9 MPa 1 24h shrinking cracking
4) supercritical 40°C 9 MPa 5 6h unchange
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Fig. 4. Changes in the amount of residual water in the wet gel by the

number of substitution.

200 100
@ Bulk density
150 =& Porosity 08
8 s
o
g 160 / N E
e | z
£ Z
@ o
_ﬂ§ 140 4 L’ % g
o
=
/M [ 5
120 92
100 90
0 5 10 15 20
Content of ferrite / mol%
Fig. 5. Bulk density and porosity of ferrite-silica aerogel nanocompo-
sites.

The supercritical drying process was a key process in this run.
Table 2 summarizes various trial.?>!>1?) In the process of 1) and
2), where liquid CO, was used as a substitution medium, the
obtained samples shrink and/or cracked with the surface tension
of the ethanol which remained inside the wet gel, even if the
substitution was repeated several times. When supercritical CO,
was used as a substitution medium, the ethanol inside the wet gel
was not completely replaced by only 1 time of substitution, even
if the treatment was continued for long time as shown in process
of 3). However, in the process of 4), where the substitution was
repeated 5 times, the ethanol was completely replaced by super-
critical CO,. Therefore, since there was not any surface tension at
the time of dryness, a transparent aerogel was obtained without
shrinking and cracking.

3.3 Characterization of ferrite-silica aerogel nano-
composites
Figure 5 shows the bulk density and the porosity of the ferrite-
silica aerogel nanocomposites. The bulk density was increased
with increasing in the content of ferrite, since the density of
ferrite was larger than that of silica. On the other hand, the
porosity hardly changed.

Fig. 6. Specific surface area of ferrite-silica aerogel nanocomposites.
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Fig. 7.  Pore size distribution of ferrite-silica aerogel nanocomposites in
the macropore region.

Figure 6 shows the specific surface area of the ferrite-silica
aerogel nanocomposites. The specific surface area was about 700
m? g~ for the silica aerogel. On the other hand, it decreased with
increasing in content of ferrite to become to 340m?g~! for 20
mol % for the ferrite-silica aerogel nanocomposites. In regard to
the pore size distribution, the median size of macropore for both
the silica aerogel and the nanocomposites were around 2 um
as shown in Fig. 7. In addition, the median size of mesopore was
14 nm for silica aerogel and shifted to approximately 30 nm with
increasing in the content of ferrite as shown in Fig. 8. There-
fore, it was estimated that the porosity was affected mainly by
macropores, while the specific surface area was affected mainly
by mesopores. Anyway, it was found that the ferrite-silica aerogel
nanocomposites held characteristics of aerogel.

3.4 Microstructure of ferrite-silica aerogel nano-
composites

Figure 9 shows SEM images of the silica aerogel and the

ferrite-silica aerogel nanocomposite added 1mol% of ferrite.

Both the silica aerogel and the nanocomposite consisted of parti-

cles of approximately 50nm, which three-dimensionally con-

nected together to form a skeletal network structure. It looked just
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as if chains of particles surrounded the bubbles of air. Then, the
size of bubble, that is a macropore, was measured by using the
intercept method.'? As a result, the pore size was estimated to
0.9 um for the silica aerogel and 1.2 um for the nanocomposite.
These sizes accorded with it was thought that the pore sizes
shown in Fig. 7. In addition, the ferrite particles existed homo-
geneously in the nanocomposite as shown in Figs. 9(e) and 9(f).

Figure 10 shows TEM images, element analysis and electron
diffraction of the silica aerogel and the ferrite-silica aerogel
nanocomposite added 1mol % of ferrite. Both the silica aerogel
and the nanocomposite consisted of particles of 2 to 3 nm, which
three-dimensionally connected together to form a skeletal net-
work structure. It was a similar structure as shown in Fig. 9, but
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Fig. 8. Pore size distribution of ferrite-silica aerogel nanocomposites in
the mesopore region.

on a scale of one to ten. This is to say, the skeletal network struc-
ture was fractally held from macropore to mesopore. The pore
size surrounded by nanoparticles in the skeletal network struc-
ture was about 10 to 20 nm, which was in good agreement with
the pore size shown in Fig. 8. The ferrite particles ware identified
by the element analysis and the electron diffraction as shown
Fig. 10(c), where elements consisting of ferrite were detected
for larger particles of about 15nm, and the electron diffraction
demonstrated to be spots for the ferrite crystal. In addition, the
size of 15nm was in good agreement with the crystallite size
calculated from Scherrer’s equation. However, the dispersion
of the ferrite particles was not so good, since some particles
aggregated as shown in Figs. 10(b) and 10(c). The aggregated
ferrite particles were surrounded by silica nanoparticles, where
the skeletal network structure was somewhat broken. Therefore,
it was considered that such a heterogeneity of skeletal network
structure caused the increase in pore size in the mesopore region,
resulting in the decrease in the specific surface area.

3.5 Magnetic property of ferrite-silica aerogel
nanocomposites
Figure 11 shows the magnetization curves of the ferrite pow-
der and the ferrite-silica aerogel nanocomposites measured by
VSM. As a matter of course, the magnetic susceptibility of the
ferrite-silica aerogel nanocomposites increased with increasing
in content of ferrite. However, as shown in Fig. 12, the magnetic
susceptibility per 1g of ferrite contained in the nanocomposites
was equal to the value measured for the ferrite powder only.

% Vo 3

Fig. 9. SEM images of silica aerogel [(a) and (b)] and ferrite-silica aerogel nanocomposite added 1 mol % of ferrite [(c) and

(d)], and Fe mapping of nanocomposite [(e) and (f)].
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TEM images, element analysis and electron diffraction of silica aerogel (a) and ferrite-silica aerogel nanocomposite
added 1 mol % of ferrite [(b) and (c)].
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Therefore, it was considered that the magnetic property of ferrite
was entirely held in the ferrite-silica aerogel nanocomposites.

4. Conclusion

An aerogel with a magnetic property was prepared by a super-
critical drying process from a mixture of ferrite nanoparticles and
silica sol. The obtained ferrite-silica aerogel nanocomposites had
three-dimensional skeletal network structure with macropores
of about 2 um and mesopores of 10 to 30 nm. The porosity was
about 95%. The specific surface area changed from 700 to 340
m?g~! with increasing in content of ferrite. The ferrite nano-
particles somewhat aggregated due to a poor dispersion. However,
the characteristics as a so-called aerogel was held in the ferrite-
silica aerogel nanocomposites. In addition, a magnetic property
of the ferrite remained unchanged in the aerogel nanocomposites.
Therefore, it was expected that many kinds of functional aerogels
could be prepared by this way.
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