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Fe304 nanoparticles were prepared by carbothermal reduction method using glucose as carbon source.
Heating temperature and holding time effects on crystalline phase composition and magnetic prop-
erties of Fe304 nanoparticles were investigated by X-ray diffraction, field-emission scanning electron
microscopy and vibrating sample magnetometer. Pure Fe304 nanoparticles with an average crystallite

size of 48 nm was obtained at higher heating temperature of 650°C and shorter holding time of 0.5 h, or
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at lower heating temperature of 450 °C and longer holding time of more than 6 h. The crystallite size of
Fe304 nanoparticles increases with heating temperature and holding time. Fe;04 nanoparticles heated at
650°C for 2 h have the highest saturation magnetization (M =97.99 emu g—'), higher than Fe30,4 prepared
by other techniques due to better microstructure, crystallinity and expanded crystalline cell.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Magnetite (Fe304) is an important magnetic material that is
widely used in different applications such as magnetic sensors
[1], high density magnetic recording media [2], printing ink [3],
ferrofluids [4], magnetic resonance imaging [5], catalysts [6] and
especially in the biomedical field [7,8] due to its chemical stability
and biocompatibility. There have been several methods reported
to synthesize Fe304 powders, including co-precipitation [9], oxi-
dation of Fe(OH);, by H,0, [10], microemulsion [11], hydrothermal
synthesis[12], sol-gel method [13], thermal decomposition of alka-
line solution of Fe3* chelate in the presence of hydrazine [14],
pyrolysis of EDTA ferric sodium salt [15], reduction of hematite
by CO [16], and organic solution phase decomposition of Fe(cup)s,
Fe(acac)s, or Fe(CO)s [17-19]. However, some of these methods
encountered problems with complicated equipment and/or long
preparation time caused by multiple processing steps, deeming
them economically unfeasible for large-scale production.

In previous work Fe304 powders were successfully synthesized
from Fe, 03 powder and glucose mixture as starting materials using
a novel carbothermal reduction method [20]. The effects of glucose
mole fraction on crystalline phase composition and carbothermal
reduction mechanisms were studied. In this paper temperature
and holding time effects on the structure and magnetic properties
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of Fe304 nanoparticles by carbothermal reduction method were
investigated.

2. Experimental procedure

Fe,03 powder was prepared as a carbothermal reduction raw material by
citrate—nitrate precursor auto-combustion method, which allowed producing ultra-
fine powders with chemically homogeneous composition, uniform size and good
reactivity [21]. Ferric nitrate (Fe(NOs)3-9H,0) and citric acid (CsHgO7-H,0) were
dissolved in de-ionized water, and the solution pH value was adjusted to 7.0 using
NHs-H;0. The solution was heated to 60 °C and continuously stirred using magnetic
agitation. After 4 h, the solution became a homogeneous brown sol. Then the sol
was dried at 120°C in an oven for 12 h and became a brown dry gel. Dry gel was
ignited in air and spontaneously combusted, producing loose, red-brown and very
fine Fe, O3 powder.

Glucose (1/24 fixed mole fraction) was mixed with Fe; 03 powder used in experi-
ments [20]. The mixture was heated between 400 °C and 700 °C for different holding
times in the tube furnace with argon atmosphere for carbothermal reduction reac-
tion.

X-ray powder diffraction (XRD) patterns were recorded using Philips APD-10 X-
ray diffractometer with Cu Ko radiation. The morphology and size of particles were
observed in field-emission scanning electron microscope (FE-SEM, ZEISS ULTRA
55, Germany). Magnetic properties measurements were carried out in a vibrating
sample magnetometer (LD] 9600, LD] Electronics, USA).

3. Results and discussion
3.1. Temperature effect on phase composition
In order to investigate the influence of heating temperature on

samples’ phase composition, mixture of glucose and Fe, 03 powder
was heated at different temperatures ranging from 400 °C to 700 °C
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Fig. 1. XRD patterns of samples heated for 2 h at different temperatures.

for 2 h. XRD patterns of heated samples are shown in Fig. 1. Above
500°C products have pure Fe;04 phase (JCPDS: 19-0629) with all
detectable diffraction reflections well indexed as pure cubic spinel
phase and no impurities diffraction is observed in the patterns.
However, powders have Fe,03; impurity phase (JCPDS: 33-0664)
when heated below 500 °C for 2 h.

Previous results show that glucose is the source of carbon and
CO gas, which both react with Fe,03 to form Fe304 [20]. Carbon
content and CO concentration determine the carbothermal reduc-
tion reaction ratio. Pyrolysis temperature of glucose is about 364 °C
determined by thermogravimetric and differential thermal analy-
sis (TG-DTA) [20]. Glucose was continuing to decompose between
400°C and 500°C. Therefore, below 500 °C, only mixed Fe304 and
Fe, 03 powders were obtained due to a lack of carbon. Low car-
bon sources cannot reduce Fe,; 03 to Fe;04 completely. The average
crystallite sizes were determined using the Scherrer formula. The
crystallite size of samples increases with the heating temperature
and holding time.

3.2. Holding time effect on phase composition

Since pure Fe304 could not be obtained after 450 °C exposures
for 2 h, heating was prolonged up to 8 h. XRD patterns of heated
samples with different holding times at 450 °C are shown in Fig. 2.
Heated samples did not reduce completely and have Fe;03 impu-
rity phase when the holding time is less than 6 h at 450 °C. However,
pure Fe304 phase can be obtained when the holding time is longer
than 6 h due to simulative decomposing of glucose for prolonged
holding time.

From another perspective, glucose and Fe, O3 powder mixture
were heated to 650 °C for shorter holding time of 0.5 h. XRD patterns
of heated samples with different holding times at 650 °C are shown
in Fig. 3. At 650°C, even for 0.5 h, pure Fe;04 phase was obtained
due to an adequate decomposed carbon source at this temperature.
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Fig. 2. XRD patterns of samples heated at 450 °C with different holding times.

Therefore, pure Fe304 phase can be obtained at higher heating tem-
perature (650 °C) and shorter holding time (even 0.5 h), or at lower
heating temperature (450 °C) and longer holding time (longer than
6h).

3.3. Morphology characterization

Typical FE-SEM micrographs of Fe304 nanoparticles’
microstructure at 650°C and 700°C for 2h are shown in
Figs. 4 and 5, respectively. Fig. 4 shows that spherical Fe304
nanoparticles obtained by this method are uniform in both mor-
phology and size, but agglomerate to some extent. The average
diameter of prepared Fe304 nanoparticles is about 45 4+ 2 nm with
narrow size distribution, which is close to the crystallite size
estimated from the Scherrer formula of the XRD pattern. However,
more aggregation and even partial sintering occur at a higher
temperature of 700 °C for 2 h is shown in Fig. 5.

3.4. Magnetic properties

Magnetic properties of Fe304 nanoparticles were studied using
a vibrating sample magnetometer (20 kOe magnetic field) at room
temperature. Magnetic hysteresis curves for Fe304 nanoparticles
processed at different conditions are shown in Fig. 6. The upper left
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Fig. 3. XRD patterns of samples heated at 650 °C with different holding times.
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Fig. 4. FE-SEM micrograph of Fe304 nanoparticles heated at 650°C for 2 h.

inset shows magnetization M when magnetic field H was varied
from 19,500 Oe to 20,000 Oe to highlight the difference saturation
magnetization between the samples. The lower right inset shows a
closer look of the zero-field region to highlight the difference coer-
civity between the samples. The average crystallite size, magnetic
properties, lattice parameter and crystalline cell volume of bulk

Fig. 5. FE-SEM micrograph of Fe304 nanoparticles heated at 700 °C for 2 h.

Fe3;04 and Fe304 nanoparticles processed at different conditions
are listed in Table 1. It is clear that all prepared Fe304 nanoparticles
exhibit fine ferromagnetic behavior. The saturation magnetiza-
tion Ms of Fe304 nanoparticles increased from 95.12emug-! to
97.99emug-! with the heating temperature increase from 500 °C
to 650°C. Saturation magnetization Ms of Fe30,4 nanoparticles also
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Fig. 6. Magnetic hysteresis loop of Fe;04 nanoparticles processed at different conditions. The upper left inset shows magnetization M when magnetic field H was varied
from 19,500 Oe to 20,000 Oe. The lower right inset shows a closer look of the zero-field region. Here, 1 is the sample heated at 500°C for 2 h, 2 is the sample heated at 550°C
for 2 h, 3 is the sample heated at 650°C for 2 h, 4 is the sample heated at 700°C for 2 h, and 5 is the sample heated at 650 °C for 0.5 h.

Table 1

The average crystallite size, magnetic properties, lattice parameter and volume of crystalline cell of bulk Fe304 and Fe;04 nanoparticles processed at different conditions.

No. Samples M; (emug1) M; (emug1) H¢ (Oe) Average crystallite Lattice parameter (A) Volume of crystalline
size (nm) cell (A3)
Bulk Fe304 [21-25] 92-100 - - - 8.396 591.86
1 500°C for 2h 95.12+0.01 37.79+0.01 146 +1 38+1 8.398 +0.001 592.25+0.01
2 550°C for 2h 96.27 £0.01 34.99+0.01 120+1 4241 8.404 +£0.001 593.50+0.01
3 650°Cfor2h 97.99 +£0.01 23.44+0.01 98+1 48+1 8.431+0.001 599.34+0.01
4 700°C for 2h 96.03 +£0.01 35.93+0.01 140+1 5941 8.403 +0.001 593.39+0.01
5 650°C for 0.5h 96.79 £0.01 35.65+0.01 119+1 4441 8.399 +£0.001 592.49+0.01
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increased from 96.79emug-! to 97.99emug-! with the holding
time increase from 0.5 h to 2 h due to the increase in crystallite size.
It is known that saturation magnetization gradually increases with
the crystallite size and coercivity which is defined by decreased
domain walls displacement as the crystallite size increases in the
multi-domain range [21].

However, Ms of sample heated at 700°C for 2 h is lower than
that heated at 650°C due to excessive grain growth and more
aggregation and even partial sintering occur at higher tempera-
ture (Fig. 5). The sample heated at 650°C for 2 h has the largest
saturation magnetization (Ms=97.99 emug-!), the lowest remain-
ing magnetization (M;=23.44emug-') and the lowest coercivity
(Hc=98 Oe). Moreover, the saturation magnetization value of sam-
ple 3 (heated at 650°C for 2h) is larger than that prepared by
other techniques [9-13,26-31] attributed to better microstructure
(Fig. 5), crystallinity (Fig. 3) and expanded crystalline cell (Table 1).

Magnetic properties of Fe304 powder strongly depend on its
crystallinity and synthesis method [32,33]. Fe30,4 crystallizes at
ambient conditions in cubic structure (inverse spinel) with Fd3m
space group in conventional unit cell with iron in two valence
states. Tetrahedral A sites are occupied by Fe3*, whereas twice as
abundant octahedral B sites are randomly occupied by Fe2* and
Fe3*. Magnetic moments on the B sites are antiferromagnetic, while
on the A sites they are ferromagnetically aligned. Fe30,4 is ferri-
magnetic since the moments at the A and B sites point in opposite
directions, giving a net magnetic moment corresponding to that of
Fe2* [34]. Differences in crystallization processes could influence
Fe2* and Fe3* octahedral sites distribution allowing superexchange
interactions between ferric ions [33]. Well-crystallized Fe304 par-
ticles result in less crystal defects. In addition, the superexchange
interaction of Fe-O-Fe was strengthened since expanded crys-
talline cell and magnetic properties of Fe304 nanoparticles were
improved. However, crystallinity and microstructure effects on
magnetic properties of Fe304 powder prepared by carbothermal
reduction method are not clear yet.

4. Conclusions

Fe304 nanoparticles were prepared by carbothermal reduction
method using glucose as carbon source. The effects of heating tem-
peratures and holding time on crystalline phase composition and
magnetic properties of Fe304 nanoparticles were investigated. Pure
Fe304 nanoparticles with an average crystallite size of about 48 nm
were obtained at heating temperatures higher than 500 °C held for
2 h. However, below 500°C, only Fe304 and Fe,03 mixed pow-
ders were obtained. Moreover, pure Fe304 can be synthesized at
higher heating temperature (650 °C) for shorter holding time (even
0.5h), or at lower heating temperature (450 °C) for longer holding
time (longer than 6 h) attributed to adequate decomposed carbon
source. Furthermore, Fe304 heated at 650 °C for 2 h had the high-
est saturation magnetization (Ms=97.99 emug~') even compared
with Fe3O4 prepared by other techniques due to better crystallinity
and expanded crystalline cell. This study is helpful for controlled

synthesis of pure Fe304 by means of the carbothermal reduction
method. Produced Fe304 nanoparticles can have potential applica-
tions in catalysis and biological fields.
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