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Magnetic composite nanoparticles containing iron and mul-
lite were prepared by reduction of sol-gel-made mullite—iron ox-
ide solid solution. The magnetic properties of nanocomposite
suggest that a part of the iron particle exists in the superparamag-
netic state. TEM observation shows that metal nanoparticles
have an intragranular distribution with iron embedded in mullite
grains.

As the promise for practical applications such as catalysis,
magnetic recording, magnetic fluids, and biomedicine, special
attention has been focused on the fabrication and properties of
nanometer-sized magnetic iron particles.' In general, iron
nanoparticles are prepared from soluble precursors with some
methods, such as thermal or sonochemical decomposition and
electrochemical or chemical reduction,*” to obtain small parti-
cle size by limiting particle growth. By thermal or sonochemical
decomposition of iron pentacarbonyl in the presence of organic
surfactants/dispersants (such as oleic acid or polymers), inor-
ganic—organic nanocomposites with the dispersion of iron nano-
particles were prepared. Moreover, the dispersion of iron nano-
particles in inorganic matrixs was also obtained by chemical re-
duction of iron oxide-contained amorphous silica. Particle
growth of iron is controlled by restricting particle formation to
confined volumes such as micelles and vesicles or by stabilizing
the growing particles with surfactants and dispersants. Actually,
ceramic grains can also be used as effective dispersants for prep-
aration of metal nanoparticles by chemical reduction of ceramic
solid solution.® Since metal nanoparticles nucleate and grow in-
side ceramic grains, the particle growth is restricted. Therefore,
it becomes possible to prepare intragranular nanocomposite with
iron nanoparticles embedded in ceramic grains by chemical re-
duction of iron oxide-contained solid solution.

Mullite (3A1,05+2Si0,) is widely researched for high-tem-
perature structural, electronic, and optical applications.? In addi-
tion to the replacement of Si** and A1** that leads to the forma-
tion of nonstoichiometric compound, mullite can also incorpo-
rate different amounts of transition metal cations.'? In the case
of Fe-doped mullite, 12 wt % Fe, O3 can be dissolved in mullite
matrix under 1200 °C by replacing the AI3* at octahedral site.!!
We believe that this is the first report on the fabrication and mag-
netic property of monodisperse air-stable «-Fe nanoparticles
embedded in mullite grains by hydrogen reduction of mullite—
iron oxide solid solution. The process involves the preparation
of oxide solid solution through sol-gel method and reduction
by hydrogen flow gas.

To synthesize mullite—iron oxide solid solution with
nominal composition of AlssFeeSirO13, Al(NO3);3:9H,0,
Fe(NO3)3+-9H,0, and Si(OC,Hs)4 were used as the precursors
for alumina, iron oxide, and silica, respectively. After dissolving

AI(NO3)3-9H,0 and Fe(NOs3)3+9H,0 into ethanol, the solution
was stirred and refluxed at 60 °C for 12 h and then Si(OC,Hs)s4,
premixed with ethanol, was added dropwise. The solution was
continuously stirred for another 12 h whereafter pH value of so-
lution was adjusted to 7 by adding ammonia slowly. Gel was col-
lected and washed several times by ethanol and dried in rotary
evaporator at 60 °C. Dried powders were treated at 500 °C for
2 h in the air to remove volatile substance and were successively
calcinated at 1200°C for 4h to form solid solution. To
obtain the iron-dispersed mullite nanocomposite powder, solid
solution powders were reduced by flowing hydrogen gas at
1300 °C for 1h. Reduced powders were washed by 1 M HNO3
at 80°C for 1h to eliminate the intergranular iron particles.
The crystalline phases of samples before and after reduction
were recorded by a Rigaku RU-200B X-ray diffractometer with
50kV and 200 mA using Cu Ko radiation. The microstructure of
nanocomposite powders was observed by a transmission
electron microscope, Hitachi H-8100T. Measurement of
magnetic properties was conducted on a Quantum Design
MPMS superconducting quantum interference device (SQUID)
magnetometer. Zero-field-cooled and field-cooled magnetiza-
tions were determined with an applied field of 100 Oe between
10 and 300 K.

XRD patterns of heat-treated powders at 500, 1200 °C,
along with those of reduced powders before and after acid wash-
ing, are shown in Figure 1. Powders remain amorphous after
treatment at 500 °C, while volatile impurities have been com-
pletely eliminated. Through crystallization and reaction of oxide
precursors, the mullite—iron oxide solid solution is the only
phase detected by XRD after soaking at 1200 °C. The peaks of
«o-Fe appear both in the reduced samples before and after acid
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Figure 1. XRD profiles of powders heat-treated at various tem-
peratures and atomsphere. ((a) 500 °C, 2 h, air; (b) 1200 °C, 4 h,
air; (c¢) 1300°C, 1h, Hp; (d) 1300°C, 1h, H,, acid washing).
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Figure 2. TEM photograph of the sample reduced at 1300°C
and washed in 1 M HNO; for 1h.

washing. It should be noted that the reduction temperature for
the formation of iron phase is 1300 °C, which is much higher
than that of silica—iron nanoparticles (around 500 °C'?). Since
the iron cation locates in the lattice of mullite, high temperature
is essential to supply enough reduction and diffusion ability of
hydrogen to obtain iron phase. The intensity decrease of «-Fe
peaks after acid washing means that intergranular iron particles
are dissolved by acid. The remainder of iron phase after acid
washing implies that the mullite grains act as an effective matrix
to separate iron phase from the corrosion of acid. Figure 2 shows
the typical TEM microstructure of mullite—iron nanocomposite
particles. It clearly shows that the monodispersion iron nanopar-
itcles, which are small and dark grains, were embedded in the
grain of mullite. The size of the iron nanoparticles is estimated
to be 8.2 £ 1.7nm by TEM image analysis. Therefore, the iron
nanoparticles without aggregation, air oxidation, and acid corro-
sion are fabricated by formation of the intragranular structure in
mullite grains.

In magnetism, the temperature dependence of the magneti-
zation for nanosized magnetic particles reveals typical character-
istics of superparamagnetism, showing the blocking temperature
(Tg) at which the zero-field-cooled magnetization curve exhibits
a cusp.'® The magnetization versus temperature and field was
measured for acid-washed sample in powder form without any
substrate. Magnetic moment versus temperature in the tempera-
ture range 10-300 K was measured in the zero-field-cooled ex-
periment where the initial field was set to zero as the sample
was cooled to the lowest temperature. The field H = 100 Oe
was then turned on and the magnetic moment versus temperature
was measured as the sample was heated from 10 to 300 K. In the
field-cooled experiment the field H = 100 Oe was applied at
300K and the magnetic moment was measured as the sample
was cooled to the lowest temperature of 10 K. Figure 3 shows
the result of magnetization versus temperature for these experi-
ments. It is found that a maximum appears at around 90 K in the
zero-field-cooled curve, which is the blocking temperature.
However, the zero-field-cooled and field-cooled magnetization
curves do not completely overlap with each other above 90K,
which means that some iron nanoparticles are in the state of fer-
romagnetism. As known, the magnetic behavior of metal nano-
particles is tightly related with their particle size. In the case
of iron nanoparticle, the critical size of superparamagnetism is
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Figure 3. The field-cooled and zero-field-cooled curves of the
sample reduced at 1300 °C and washed in 1 M HNO;.

18 nm.'* From the result of TEM, the aggregation of some iron
particles was observed, which results in the existence of ferro-
magnetic response at temperature above Tg.

To sum up, we have successfully synthesized the mullite—
iron composite nanoparticles through the reduction of sol-gel-
prepared mullite—iron oxide solid solution under high tempera-
ture. Iron nanoparticles are embedded in the mullite grains to
form the intragranular type nanocomposite. With the particle
size of 8.2 & 1.7 nm, a part of iron nanoparticles show the super-
paramagnetic behavior with the blocking temperature around
90K.
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