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Abstract In this article, the preparation of mullite-based
iron magnetic nanocomposite powders by hydrogen
reduction of Fe-doped mullite solid solution with a nominal
composition of Als 4Fe(Si>O13 is reported. The formation
process of Als4Feq¢Si,043 solid solution was analyzed
using X-ray diffraction analysis (XRD), Fourier Transform
Infrared Spectrum (FT-IR), thermogravimetric, and dif-
ferential thermal analysis (TG-DTA). It is found that
doping with Fe*' cation affects the crystallization tem-
perature of mullite. During the hydrogen reduction process,
more than 89% Fe’" cation in solid solution were trans-
formed into o-Fe phase when reduction temperature
reached 1200 °C. Microstructure characterization of
nanocomposite powders reduced at 1300 °C reveals that
there are two types of a-Fe particles in mullite matrix. Fe
nanoparticles with a size of approximately 10 nm were
precipitated within the mullite grains, while Fe particles
larger than hundreds of nanometers were located at the
surfaces of the mullite grains. The measurement of the
magnetic properties of nanocomposite powders indicates
that large particles and nanoparticles of o-iron have the
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ferromagnetic and superparamagnetic behavior at room
temperature, respectively.

Introduction

Nanocomposite powders with well-dispersed metal nano-
particles in oxide ceramic matrixes have attracted great
research interests owing to their unique magnetic, optical,
electrical, optoelectronic, and catalytic properties [1-5].
Various techniques, such as the mechanical mixing of
powders [6, 7], mechanosynthesis [8, 9], vapor deposition
[10], chemical vapor condensation [11], hydrothermal
precipitation [12], sol-gel method [13, 14], spray pyrolysis
[15] etc., have been employed to prepare nanocomposite
powders. In particular, the reduction of metal oxide pre-
cursors in hydrogen has been commonly used in the
preparation process. Following the novel concept of the
ceramic-based nanocomposites for structural and multi-
functional applications [16], a series of metal/ceramic
nanocomposites, such as Al,O3/Ni, Al,03/Mo, ZrO,/Mo,
Zr0,/Ni, MgO/Fe, etc., were fabricated by reducing and
hot pressing the mixtures of oxide ceramics and metal
oxide powders [6, 17-20]. The microstructure evolution of
metal/ceramic nanocomposites in different processing
stage has been thoroughly studied, such as in Al,O3/Ni
system [17]. It is found that fine nickel particles with
narrow particle-size distribution around 30 nm precipitated
uniformly around Al,Oj3 particles after reduction process.
After hot pressing, most of Ni particles with an average
size of about 130 nm were located at the grain boundaries
and/or the triple point junctions of Al,O5; matrixes in dense
nanocompites. The rest of Ni particles were dispersed
within the Al,O; matrix grains with an average size of

@ Springer



2490

J Mater Sci (2009) 44:2489-2496

49 nm. It is supposed that the small nickel particles that
existed at the triple points were trapped in the grains during
matrix grain growth in an early stage of sintering [17]. No
evidence that directly demonstrates the precipitation of Ni
nanoparticles inside Al,O5 particles during reduction pro-
cess has been reported.

In the case that metal nanoparticles are only dispersed
around oxide ceramic particles, it is difficult to avoid
oxidation of metal nanoparticles once nanocomposite
powders are exposed to oxidation atmosphere. In contrast,
it is possible to overcome this weakness by uniformly
precipitating metal nanoparticles inside ceramic particles.
Based on selective reduction of metal cations in homoge-
nous metal oxide solid solutions, Rousset et al. [21-24]
developed a method to prepare metal/ceramic nanocom-
posite powders from Al,O3, MgO, Cr,03, and spinel solid
solutions. These oxide solid solutions were normally
obtained from mixed oxalate precursors after heat treat-
ment. In these nanocomposite powders, a portion of metal
nanoparticles with the size less than tens of nanometers
were precipitated inside the oxide ceramic particles.
However, the preparation and selective reduction of other
oxide solid solutions with different synthesis routes have
not been sufficiently studied.

As the only stable crystalline phase at atmospheric
pressure in the aluminosilicate (Al,05-SiO,) system,
mullite is widely investigated for high-temperature struc-
tural, electrical, and optical applications [25]. Besides the
replacement of Si*™ and AI’" that lead to form non-
stoichiometric compound, mullite can also incorporate
different amounts of transition metal cations by substi-
tuting AI** jon at different positions [26]. Since the
formation of solid solution can strongly affect the physical
properties of mullite, extensive studies have been carried
out [27-31]. In the case of Fe-doped mullite, 12 wt%
Fe,O3; can be dissolved in mullite matrix at 1200 °C
[32, 33]. By traditional ceramic method [34], sol-gel
method [35], pyrolysis of aerosols [36], etc., the Fe-doped
mullite solid solution has been successfully synthesized.
However, the research of mullite-based iron nanocom-
posite powders prepared by reduction of solid solution is
limited so far.

Compared with magnetite or ferrite, iron nanoparticles
are very important magnetic materials for their strong
magnetism, which are practically applied in catalysis,
magnetic recording, magnetic fluids, biomedicine, etc. [37-
39]. It is well-known that their magnetic properties strongly
depend on particle size and their arrangement of nanopar-
ticles [40]. In the metal/ceramic nanocomposite powders
prepared from reduction of solid solution, a bimodal size
distribution of metal nanoparticles corresponding to dif-
ferent locations is normally formed [23, 24]. For this
reason, it is interesting to investigate the magnetic
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properties of iron nanoparticles with different particle sizes
obtained by reducing Fe-doped mullite solid solution.

In this article, we described the synthesis process of
mullite-based iron nanocomposite powders prepared by
hydrogen reduction of sol-gel made Fe-doped mullite
solid solution powders. With a nominal composition of
Als 4Fe 651,013, the formation process and microstructure
of Fe-doped mullite and iron nanoparticles dispersed
nanocomposite powders were studied. The magnetic
behavior of mullite-based iron nanocomposite powders at
room temperature and 10 K were also investigated.

Experimental procedure
Preparation of materials

To synthesize Fe-doped mullite solid solution with a nom-
inal composition of Als4Fe(Si,013, aluminium nitrate
(AI(NO3)3 - 9H,0; High Purity Chemicals, 99.9%), iron
nitrate (Fe(NOj3)3 - 9H,0; High Purity Chemicals, 99.9%)
and tetraethyl orthosilicate (TEOS, Si(OC,Hs),; Wako,
95%) were used as the precursors for alumina, iron oxide,
and silica, respectively. After dissolving AI(NO3); - 9H,0
and Fe(NOj3);3 - 9H,0 together with ethanol (nitrate/ethanol
molar ratio equals 1:12), the solution was stirred and
refluxed at 60 °C for 12 h and then Si(OC,Hs)4 (previously
mixed with ethanol at TEOS/ethanol molar ratio of 1:4) was
added dropwise. The solution was continuously stirred for
another 12 h whereafter adjusting its pH value to 7 by slowly
adding ammonia (Wako, 28%) to form gel. The gel was
washed for several times by ethanol and dried in a rotary
evaporator at 60 °C. In order to eliminate organics, dried gel
powders were heated to 500 °C in air for 2 h at a heating rate
of 10 °C/min. Powders were further calcinated at increasing
temperature from 500 °C to 1300 °C for 4 h in air to study
the formation process of Fe-doped mullite solid solution.
The sample, which was calcinated at 1200 °C in air for 4 h,
was reduced by pure hydrogen at a flowing rate of 50 ml/min
to obtain the mullite-based iron magnetic nanocomposite
powders. The reduction process was conducted in a multi-
purpose high-temperature furnace (Hi-multi 5000, Fuji
Denpa Co. Ltd., Japan) at a heating rate of 20 °C/min
between 1000 °C and 1400 °C for 1 h.

Characterization

The thermal behavior of dried gel powders was monitored
using TG-DTA (TG-DTA 2020SAF, Bruker Axs Co. Ltd.,
UK) in air at a heating rate of 10 °C/min. The FT-IR Spectra
(FT-IR Spectrometer Spectrum 2000, Perkin Elmer, USA)
of powders calcinated at different temperature were recor-
ded from 400 to 1300 cm™' with the samples diluted in
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KBr. The crystalline phases of powders were recorded
between 10° and 90° at a rate of 4° 20/min by XRD (RU-
200B, Rigaku Co. Ltd., Japan) using Cu Ku radiation. The
powder XRD patterns for lattice parameters calculation and
XRD quantitive analysis were measured at a rate of 0.5° 26/
min with silicon as an internal standard. Diffraction peaks
were indexed with the PowderX package [41]. Lattice
parameters were calculated with the Chekcell program [42].
The mass contents of Fe phase in final materials were
determined by means of reference intensity ratios (RIR)
method using Materials Data Inc. (MDI) Jade 5 software.
The bright field (BF) micrographs of powders before and
after reduction at 1300 °C were observed by transmission
electron microscope (TEM; H-8000T, Hitachi Co. Ltd.,
Japan) operating at 200 kV. The sample was dispersed in
ethanol and dropped on a carbon-coated copper grid. The
composition of nanocomposite powders was determined by
TEM energy dispersive X-ray (EDX) microanalysis. The
magnetic properties of sample reduced at 1300 °C were
measured by Quantum Design MPMS superconducting
quantum interference device (SQUID) magnetometer. Sta-
tic magnetizations were obtained at 10 and 300 K with
magnetic field up to 10 kOe. Zero-field-cooled (ZFC)
magnetizations were recorded by cooling sample in a zero
magnetic field to 10 K and then by increasing the temper-
ature to 300 K in an applied field of 100 Oe, while field-
cooled (FC) magnetizations were measured by cooling the
sample from 300 to 10 K in the same field of 100 Oe.

Results and discussion
Fe-doped mullite solid solution

The TG-DTA curve of Fe-doped mullite precursors is
presented in Fig. 1. The endothermal peaks at 54 and
127 °C are corresponding to the evaporation of ethanol and
water left in dried gel powders, respectively. The large
exothermal peak around 264 °C is generated by the exo-
thermic decomposition of ammonium nitrate in the
diphasic gel [43]. Along with the removal of volatile
impurity, the weight of powders is quickly declined with
increasing temperature till 400 °C. The other exothermal
peak appears at 950 °C, which is related to the crystalli-
zation of amorphous phases.

XRD patterns of powders after heat treatment at dif-
ferent temperature are shown in Fig. 2. Amorphous
powders without volatile impurities were obtained after
heat treated at 500 °C. The powders remained amorphous
with the appearance of some very weak diffraction peaks of
Al3FesOp, at 800 °C. As the calcination temperature
reached 1000 °C, a great deal of crystallized Al;FesO;;
and poor-crystallized y-Al,O5; were formed, meanwhile the
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Fig. 1 TG-DTA curve of Fe-doped mullite solid solution precursors
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Fig. 2 XRD profiles of dried gel powders calcinated at various
temperatures. M Fe-doped mullite solid solution, S cristobalite,
A 'y-A1203, and AF A13F€5012

silica was still in amorphous state. The crystallization
process was also detected by forming exothermal peak at
950 °C in DTA curve (see Fig. 1). After calcinated at
1100 °C, the pseudo-tetragonal mullite was formed by the
reaction of Al3FesO;,, y-Al,O3, and amorphous silica.
There is no significant difference in the XRD patterns
between the samples calcinated at 1200 and 1300 °C,
except the appearance of a small diffraction peak of cris-
tobalite in the sample obtained at higher calcination
temperature. Orthorhombic mullite solid solution with the
complete dissolution of Fe** cation was formed after heat
treated at 1200 °C. Compared with pure mullite prepared
by the same method [44], the temperature of mullitization
was decreased for about 150 °C by the dissolution of Fe’™
cation.

The structure evolution of Fe-doped mullite solid solu-
tion at different calcination temperature was monitored by
FT-IR spectra (see Fig. 3). The spectra of the samples
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Fig. 3 The FT-IR spectra of dried gel powders calcinated at different
temperature. (a) 500 °C, (b) 800 °C, (c) 1000 °C, (d) 1100 °C,
(e) 1200 °C, and (f) 1300 °C

calcinated at 500 and 800 °C are similar, showing a very
broad band without much fine structure in 400-900 cm ™"
and an intense broad band around 1040 cm™'. The broad
band observed around 1040 cm™' is assigned to the anti-
symmetric stretching vibrations of the Si-O-Si in
amorphous silica and Si—-O-Al networks [44]. The absence
of fine structure in the 400-900 cm ™' region is probably
due to the existence of nanostructured Al,O3, Fe,03, SiO,,
and Al,03-Si0; agglomeration in the amorphous state [44].

With the increase of the calcination temperature up to
1000 °C, two peaks and one broad band were observed.
The sharp peaks at 473 and 1094 cm™" are assigned to the
stretching and bending vibration of SiO4, respectively. The
broad band from 579 to 813 cm™' covers the vibration
modes of tetrahedrally coordinated Al-O bond and octa-
hedrally coordinated Al-O and Fe—O bonds [44, 45]. The
tetrahedron and octahedron seem to be highly disordered
since the wave number occupies a wide range. The presence
of both tetrahedrally and octahedrally coordinated Al-O
bonds reveals a combination between Al,O3 and SiO, [44].
The stepwise shift of Si—-O bands toward high wave num-
bers also indicates the formation of y-Al,O3 containing a
small amount of SiO, [46]. This phenomenon is coincident
with the result of XRD patterns (see Fig. 2). After heat
treated at 1100 °C, pseudo-tetragonal mullite has been

@ Springer

already formed with appearance of the characteristic peaks
at 1124 and 1163 cm™'. These peaks are correspondent to
the stretching vibrations of Si—~O-Si in SiO4 and Si—O-Al,
respectively. As the transformation from pseudo-tetragonal
to orthorhombic mullite at 1200 °C, more Si—O—-Al bonds
were formed, which result in the peak at 1124 cm ™!
turning to a shoulder [47]. The spectra of samples calci-
nated at 1200 and 1300 °C are quite similar. It shows that
the formation of orthorhombic mullite has been completed
at around 1200 °C. It is noteworthy that bands at 445 and
571 cm™" in the sample calcinated at 1100 °C gradually
shifted toward high wave numbers with the increase of
calcination temperature. In the FT-IR spectrum of pure
mullite, bands locating around 420 and 570 cm™! are
assigned to the octahedrally coordinated Al-O bond [44]. It
is known that the AI*" cation is mainly replaced by Fe®"
cation at octahedral position in Fe-doped mullite [35, 36].
The substitution varies the strength and length of octahe-
drally coordinated Al-O bond to some extent, which may
result in the shift of bands around 420 and 570 cm ™.

Nanocomposite powders

Figure 4 shows the XRD patterns of samples reduced at
1000-1400 °C by hydrogen flow. Besides a small quantity
of cristobalite in some samples, the mullite and o-Fe are the
only two phases detected in all the samples. Since the Fe®"
cation locates on the lattice of mullite, high reduction
temperature is essential to supply enough reductive ability
to obtain the metal phase, which is quite different from that
of metal oxides mixture (around 700 °C [17]). Only Fe’™
cation can be reduced from the Fe-doped mullite because
of its lowest stability among the metal cations in solid
solution under this reduction condition. The precipitation
of iron phase from the lattice of Fe-doped mullite solid
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Fig. 4 XRD profiles of Fe-doped mullite solid solution powders
before and after reduction in hydrogen flow at various temperatures
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Table 1 Summary of the crystallographic parameters of mullite and iron phases, as well as the mass content of iron phase in the samples

reduced at different temperature

Reduction Mullite, a (A) Mullite, b (A) Mullite, ¢ (10\) Volume of mullite’s Fe, a (10\) Mass content
temperature (°C) unit cell (AS) of Fe (wt%)
Before reduction 7.5757 (35) 7.7177 (44) 2.9021 (19) 169.678 - -

1000 7.5472 (17) 7.6962 (18) 2.8873 (8) 167.710 2.8702 (1) 2.81

1100 7.5437 (11) 7.6926 (13) 2.8847 (4) 167.402 2.8702 (12) 4.96

1200 7.5439 (13) 7.6898 (12) 2.8837 (4) 167.287 2.8670 (5) 6.94

1300 7.5413 (14) 7.6909 (13) 2.8842 (5) 167.283 2.8635 (2) 7.22

1400 7.5419 (12) 7.6909 (13) 2.8840 (5) 167.284 2.8621 (1) 7.29

solution results in the decrease of lattice parameters and
volume of unit cell of mullite crystal. The crystallographic
parameters of mullite and iron phases as well as the mass
content of iron phase in the samples reduced at different
temperature are summarized in Table 1. The lattice
parameters and volume of unit cell of mullite sharply
decline with the increase of reduction temperature till
1200 °C and then stay without significant changes. It
reveals that the Fe>™ cation has been almost completely
transformed into iron phase when the reduction tempera-
ture is higher than 1200 °C. The variation of mass content
of iron phase in nanocomposite powders with reduction
temperature shows the same tendency. Considering the
theoretical mass content of iron (7.81 wt%) in nanocom-
posite powders after full reduction of Als4Feq6Siy0g3, it
shows that more than 89% and 93% Fe®" cation have been
reduced to o-Fe phase at 1200 and 1300 °C. The lattice
parameter of «-Fe phase continuously decreases with the
increase of reduction temperature, which implies that both
the degree of crystallization and the microstrain in «-Fe
particles may probably increase.

Figure 5 shows the TEM bright field micrographs of
mullite-based iron nanocomposite powders before and after
reduction in hydrogen. Fe-doped mullite solid solution
particles (see Fig. 5a), with the grain size around 100 nm,
have homogenous microstructure without the presence of
secondary phase. On the contrary, two kinds of dark par-
ticles with different particle sizes were observed in the
sample reduced at 1300 °C (see Fig. 5b and e). The dark
particles with the size larger than 200 nm can be deter-
mined as o-Fe grains by EDX spectrum (shown in Fig. 5c).
During the reduction process, fine iron particles among
mullite grains will be firstly formed from the reduction of
Fe** cation located at and near the surface of the mullite
solid solution grains. Similar to the situation in the mixture
of metal and ceramic particles, ceramic particles can hardly
prevent these fine iron particles from agglomerating and
growing with the increase of reduction temperature. In
contrast, the Fe* cation located inside mullite grains will
be reduced subsequently at the reduction temperature
higher than 1000 °C, which leads to the formation of «-Fe

nanoparticles uniformly embedded within mullite grain
(see Fig. 5e). Because o-Fe nanoparticles inside mullite
grain are separated from each other, the agglomeration and
grain growth need to overcome the extra diffusion barrier
created by mullite crystal. It can hardly distinguish the
signal of Fe element in the EDX spectrum of mullite matrix
(shown in Fig. 5d), which results from both the well-dis-
persion and relatively low content of iron phase inside
mullite grain. From Fig. Se, the o«-Fe nanoparticles
embedded in the mullite grain show Moiré fringe patterns.
This is an indication that the certain planes of two different
crystallites, as the embedded o-Fe nanoparticles and the
mullite grain matrix, having a slight lattice mismatch are
superimposed [48]. It is worth noting that the Moiré fringe
patterns of all embedded «-Fe nanoparticles are almost the
same. The actual formation mechanism of the same Moiré
fringe patterns in one mullite grain has not been clarified
yet. In Fe-doped mullite solid solution, Fe’" cation are
mainly located in octahedral position, which shows the
possibility of Fe*™ cation emerging in ordered positions in
the mullite lattice. We suppose that the embedded «-Fe
nanoparticles succeeded the ordered structure of Fe’™
cation from Fe-doped mullite solid solution after reduction,
and exhibited the specific orientation relationship of the
certain planes between o-Fe and mullite crystallites.
Additional study is now under investigation using high
resolution TEM.

Magnetic behavior of nanocomposite powders

Figure 6 shows the magnetic hysteresis loops for mullite-
based iron nanocomposite powders measured at tempera-
ture of 10 K (see Fig. 6a) and 300 K (see Fig. 6b).
Saturated magnetizations (Ms), remanence ratio (Mr/Ms),
and coercivity (Hc) of nanocomposite powders are
14.81 emu/g, 0.72%, 15 Oe at 300 K and 15.78 emu/g,
1.49%, 38 Oe at 10 K, respectively. Compared with the
magnetic properties reported in iron oxide/mullite nano-
composite with a nominal composition of Fe;AlsSi,O;3
[49], much higher Ms and much lower Hc were recorded.
Correcting for the composition of nanocomposite powders,
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Fig. 5 The TEM bright field
micrographs of powders before
and after reduction at 1300 °C
in hydrogen flow. a Before
reduction, Fe-doped mullite
solid solution, b after reduction
at 1300 °C, iron grains among
mullite grains, ¢ EDX spectrum
of point A in b, d EDX
spectrum of point B in b, e
reduction at 1300 °C, iron
nanoparticles within mullite
grain
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7.22 wt% of Fe as determined from XRD quantitative
analysis, the Ms is 205 emu/(gram of Fe) at 300 K, close to
the expected saturation moment of 213 emu/g for bulk Fe.
It is evident that the a-Fe grains with the particle size large
than 200 nm should show the ferromagnetic behavior at
room temperature.

It is known that for a superparamagnetic particle system,
both coercive field and remnant magnetization increase with
the decrease of temperature below the ferromagnetic—super-
paramagnetic transition temperature. This increase is due to
the lower thermal activation energy of spins at low temper-
ature [50]. In our results, the change of Hc and Mr/Ms
with temperature implies the existence of superparamagnetic
iron nanoparticles in mullite-based iron nanocomposite
powders. In magnetism, the temperature dependence of the
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magnetization for nano-sized magnetic particles reveals
typical characteristic of superparamagnetism, showing the
blocking temperature (7g) at which the zero-field-cooled
magnetization curve exhibits a cusp [51]. Figure 7 shows the
result of magnetization versus temperature for field-cooled
and zero-field-cooled experiments. It is found that a maxi-
mum appears at around 100 K in the zero-field-cooled curve,
which is corresponding to the blocking temperature. How-
ever, the zero-field-cooled and field-cooled magnetization
curves do not completely overlap with each other above
100 K, which indicates the existence of ferromagnetic par-
ticles. As known, the magnetic behavior of metal
nanoparticles is tightly related with their particle size. In the
case of iron nanoparticles, the critical size of superpara-
magnetism is 14 nm [52]. From the observation of TEM,
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most of the iron nanoparticles within mullite grains are less
than the critical size, which should show the superparamag-
netic behavior at room temperature. In the meantime, o-Fe
grains larger than hundreds of nanometers among mullite
grains are in the state of ferromagnetism.

Conclusion

The Fe-doped mullite solid solution was obtained through
the heat treatment of sol-gel made amorphous gel powders.
Compared with the synthesis of pure mullite, the temper-
ature of mullitization in Fe-doped mullite is decreased for
about 150 °C by the dissolution of Fe®" cation. Mullite-
based iron nanocomposite powders were prepared by

hydrogen reduction of Fe-doped mullite solid solution.
Temperature higher than 1000 °C is essential to reduce the
Fe* cation inside mullite grain. More than 89% of all Fe® "
cation, normalized by theoretical mass content of iron in
nanocomposite powders, were transformed into «-Fe phase
when the reduction temperature exceeded 1200 °C. Two
types of a-Fe particles, the grains larger than hundreds of
nanometers among mullite grains and nanoparticles around
10 nm embedded in the grains of mullite were formed after
reduction at 1300 °C. The measurement of magnetic
properties of nanocomposite powders suggests that the o-
Fe grains and embedded nanoparticles have the ferromag-
netic and superparamagnetic behavior at room temperature,
respectively. The blocking temperature of o-Fe nanoparti-
cles within mullite grain is about 100 K.
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