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Magnetic Fe3O4 nanoparticles were prepared by carbothermal reduction using solution combustion
synthesis precursors derived from ferric nitrate (oxidizer), glycine (fuel) and glucose (carbon source)
mixed solution. In this paper, the growth mechanism and magnetism in Fe3O4 nanoparticles were in-
vestigated by adjusting the glucose content in precursor and the heat temperature in carbothermal
process. The products were analyzed by X-ray diffraction, Field emission scanning electron microscopy,
Infrared adsorption method and Vibrating sample magnetometry. The results revealed that the more
amount of glucose, the earlier Fe3O4 phase generated as temperature increasing. Depending on glucose
content and thermal temperature, the average grain size of Fe3O4 nanoparticles varied from 19.9 nm to
48 nm and saturation magnetization changed from 21.2 emu/g to 71.77 emu/g, which indicated that the
saturation magnetization of Fe3O4 nanoparticles fell off as the average grain size decreasing. These results
were crucial not only from the application stand-point, but more importantly leaded to a new platform
for further studies of high quality magnetic Fe3O4 particles at nanoscale.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Magnetite (Fe3O4) with brownish-black and metallic luster, is
the most strongly magnetic of all the naturally occurring minerals
in nature [1]. It has a cubic inverse spinel structure, consists of a
cubic close packed array of oxide ions where all of the Fe2þ ions
occupy half of the octahedral sites and the Fe3þ ions are split
evenly across the remaining octahedral sites and tetrahedral sites
[2,3]. Magnetite has displayed unique electric and magnetic
characters ascribing to electron exchange between Fe2þ and Fe3þ

in the octahedral sites [4]. During the past decades, as the na-
nostructure exhibited novel physical and chemical properties dif-
fering from their bulk counterparts [5], the magnetic Fe3O4 na-
noparticles have attracted considerable attention due to their
compatible magnetic and electrochemical properties [6], such as
ferromagnetic [7], superparamagnetic [8], saturation magnetiza-
tion [9], dielectric properties [10] and biocompatibility [11], which
endowed these nanoparticles with potential applications in many
fields, including ferrofluids [12], catalysts [13], lithium ion bat-
teries [14], microwave absorption [15], magnetic resonance
).
imaging [16], biosensors [17], etc. It was evident that the electric
and magnetic performance can be effectively controlled by the
morphology and microstructure [18], which were very sensitive
and strongly depended on the synthesis method and experimental
conditions.

Up to now, there have been a variety of preparation techniques
reported to synthesize the magnetic Fe3O4 nanoparticles, includ-
ing high-energy ball milling method [19], co-precipitation [20],
micro-emulsion [21], hydrothermal synthesis [22], sol–gel method
[23], reduction of hematite by CO [24] and so on. However, some
of these approaches encountered limits, including complicated
equipment, long preparation time, multiple processing steps or
environmental pollution, which rendered them unsuitable for
large-scale production economically, or because of environmental
concerns [25]. Carbothermal reduction method (CTR) was widely
used in the industry to directly reduce metal oxides, using carbon
as the reducing agent [26]. Nevertheless, this method also faced
difficulties in demands of homogeneously mixing raw materials
for fabricating highly pure products [27]. Thus, there was an ur-
gent requirement to develop a method for preparing high purity
and uniform mixture as the precursors of CTR. Solution combus-
tion synthesis (SCS) was a versatile, simple and rapid process,
which involved a self-sustained reaction in homogeneous solution
of different oxidizers (e.g. metal nitrates) and fuels (e.g. urea,
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Fig. 1. Schematic illustration of carbothermal synthesis of magnetic Fe3O4 nanoparticles from solution combustion precursors.

Fig. 2. XRD patterns of precursors obtained by SCS with different glucose contents.

Fig. 3. Carbon content and average grain size of precursors obtained by SCS with
different glucose contents.
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glycine, hydrazides) [28]. An initial molecular level mixed solution
permitted precise and uniform formulation of desired ingredients
on the nanoscale. After preheating to a moderate temperature, the
mixture self-ignited along the whole volume leading to the for-
mation of fine solid products with tailored composition [29]. The
short process duration and the formation of various gases during
SCS inhibited particle size growth and favored synthesis of nano-
sized powders with high specific surface area [30].

Hence, in this work, we successfully prepared high saturation
magnetization Fe3O4 nanoparticles by combining SCS with CTR for
the first time and provided insight into the growth of magnetic
Fe3O4 nanoparticles. So far, although a number of researchers have
proposed the combination method for the preparation of some
oxides, carbides and nitrides [24,26,27], to the best of our
knowledge, there was still no literature reporting about the car-
bothermal synthesis of magnetic Fe3O4 nanoparticles by using
Fe2O3 and amorphous carbon hybrid particles derived from SCS as
starting materials. In addition, a possible growth mechanism and
magnetic properties of Fe3O4 nanoparticles were investigated in
detail, so that the high quality magnetic Fe3O4 product could be
obtained by adjusting the relevant experimental parameters.
2. Materials and methods

2.1. Materials

Ferric nitrate nonahydrate [Fe(NO3)3 �9H2O], glycine(C2H5NO2)
and glucose monohydrate(C6H12O6 �H2O) were all supplied by Si-
nopharm Chemical Reagent Co., Ltd., China. All the chemicals were
of analytical grade, commercially available and used as received
without further purification.

2.2. Precursor preparation

Ferric nitrate nonahydrate (11.8 g), glycine (6.26 g) and glucose
monohydrate (2 g, 4 g, 8 g, 12 g, respectively) were dissolved in
150 mL deionized water under stirring to obtain a homogeneous
solution. The mixtures were poured into four 2000 mL beakers,
and heated up to 300 °C in the air on a temperature-controlled
electrical furnace. As heating continued, the solution evaporated
and formed a gelatinous mass. In a few minutes, the gel suddenly
swelled and accompanied by releasing lots of gases. The whole
process of gel swelling and combustion was a self-propagating and
non-explosive exothermic reaction, which took short time without
any danger of explosion. Finally, the fragile and foamy products
consisted of Fe2O3 and different contents of carbon were obtained,
which named as 2C, 4C, 8C and 12C, respectively, corresponding to
the additional mass of glucose.



Fig. 4. FE-SEM images of precursors obtained by SCS with different glucose contents: (a) 2 g; (b) 4 g; (c) 8 g; (d) 12 g.
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2.3. Thermal treatment

The thermal treatment at different temperatures, 350, 400, 450,
500 and 550 °C, was carried out with 2 g of each sample in argon
(150 mL/min) in a quartz tube into a horizontal furnace at a
heating rate of 10 °C/min and kept at a final temperature for 1 h.
Then, the samples were allowed to cool to room temperature still
in the quartz tube under an argon flow for subsequent experi-
ments. The products prepared in this work were named as XC-Y,
where X¼2, 4, 8, 12 corresponding to the amount of glucose in
precursors and Y¼350, 400, 450, 500 or 550 °C.
2.4. Material characterization

Phase analysis of the precursors and calcined products was
performed on an X-ray diffractometer (XRD, Ultima IV) equipped
with graphite monochromatized Cu Kα radiation as the X-ray
source. Data acquisition was performed over the 2θ angular range
from 10° to 90° with a scanning speed of 20°/min. The average
diameter of crystal was calculated according to the Debye–Scher-
rer formula [31], λ= β θKD / cos , where D was the crystallite size, K
was a constant related to the shape of the crystal, λ was the wa-
velength of the radiation employed, β was the peak width (full
width at half maximum, FWHM) in radians, and θ was the Bragg
diffraction angle. Surface morphology of products was observed
using field emission scanning electron microscopy (FE-SEM,
Quanta FEG-450) at 30 kV. The carbon content was measured by
Infrared adsorption method after high frequency induction fur-
nace combustion. Magnetic measurements were carried out using
the physical properties measurement system (PPMS) in a vibrating
sample magnetometry (VSM, BKT-4500) with a magnetic field up
to 76000 Oe.
3. Results and discussion

Our approach to a novel fabrication process for magnetic Fe3O4

nanoparticles principally consisted of solution combustion synth-
esis and carbothermal reduction method. As illustrated in Fig. 1,
this novel process was mainly composed of two steps. The first
step involved producing precursors by using ferric nitrate as the
oxidizer and using glycine and glucose as fuel and carbon source,
respectively. In the synthesis, an aqueous solution of Fe
(NO3)3 �9H2O, C2H5NO2 and C6H12O6 �H2O were mixed uniformly,
and the resulting mixed solution was heated up to 300 °C at a
heating rate of 10 °C/min in the air on a temperature-controlled
electrical furnace. As heating continued, the solution evaporated
and formed a gelatinous mass. In a few minutes, a gelatinous mass
formed and suddenly swelled in subsequent accompanied by re-
leasing lots of gases. Then, the fragile and foamy precursor con-
sisted of Fe2O3 and amorphous carbon was obtained. In the second
step, the precursor was calcined at a heating rate of 10 °C/min in
argon atmosphere at 350-550 °C (at 50 °C intervals) for 1 h to re-
duce the Fe2O3 and thus yielded discrete and homogeneous
magnetic Fe3O4 nanoparticles.

3.1. Characterization of precursors obtained by solution combustion
synthesis

The crystalline structure of precursors, which named herein as
2C, 4C, 8C, 12C, derived from solution combustion synthesis with
different contents of glucose were characterized by XRD. As shown
in Fig. 2, the patterns could be easily indexed to α-Fe2O3 (JCPDS no.
89-8103) [32] according to the diffraction peak positions and re-
lative intensities, which confirmed the hematite structure of these
precursors. No additional peaks have been observed indicating
that the residual carbon was in amorphous form. Meanwhile, the
carbon contents in precursors were presented in Fig. 3. We can see
that the amount of glucose in raw materials increased, more



Fig. 5. XRD patterns of thermal treatment products with different temperatures on four precursors: (a) 2C; (b) 4C; (c) 8C; (d) 12C.

Fig. 6. Carbon content and average grain size of thermal treatment products with
different precursors heating at 500 °C.
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amorphous carbon were existed in precursor, which correspond-
ing to the less sharp diffraction peaks of α-Fe2O3 in Fig. 2. More-
over, it was noticed that the peaks were broader slightly as more
glucose added, an indication of the formation of finer particles in
nanoscale. The estimated average grain size of the α-Fe2O3 nano-
particles deduced from Sherrer's formula were presented in Fig. 3,
which were consistent with the tendency obtained from XRD
analysis above.
The morphology and microstructure of precursors were in-

vestigated by FE-SEM shown in Fig. 4. It can be observed clearly
that a significant number of bubbles existed, which were caused
by a great many of gases produced in solution combustion process.
As temperature elevated, the glucose intermolecular force in-
creased due to the three-dimensional cross-linked structure, thus
the viscosity of precursor increased to block gases releasing.
Therefore, along with glucose increasing, the size of bubbles grew
and the number decreased on account of the increased viscosity
and more gases were sealed in the bubbles. It could be also found
that the precursors all displayed flaky structure and with glucose
content rising, the flake became thinner and larger aspect ration
because a large amount of residual carbon hindered grain growth
and a great many of gases prevented the agglomeration. According
to the above, glucose was not only the reducing agent but also a
carbon source, where the quantity of glucose had a great impact
on morphology and carbon content of precursor significantly.

3.2. Fe3O4 growth mechanism in carbothermal reduction

The aforementioned four precursors were treated at 350, 400,
450, 500 and 550 °C for 1 h in Ar atmosphere, respectively. The
corresponding products entitled XC-Y, where X represented the
amount of glucose in raw mixture, C denoted amorphous carbon
and Y stood for the heat treatment temperature.



Fig. 7. FE-SEM images of thermal treatment products with different precursors heating at 500 °C: (a) 2C-500; (b) 4C-500; (c) 8C-500; (d) 12C-500.

Fig. 8. Room temperature magnetic hysteresis loops of XC-500 products (X¼2, 4, 8,
12).
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Fig. 5 showed the XRD patterns of thermal treatment products
with different heating temperatures on four precursors. As can be
seen, 12C precursor began to form Fe3O4 since 350 °C, 8C precursor
started to become Fe3O4 as heated up to 400 °C and 4C precursor
changed to Fe3O4 when the temperature reached 450 °C. It can be
observed that upon the treatment at 500 °C, all the products ap-
peared to transform into Fe3O4 (JCPDS no. 65-3107) [32] com-
pletely. Since there was no graphite or other characteristic peaks
detected in XRD spectrum, the residual carbon contained in these
as-synthesized samples were in amorphous state all the same.
Moreover, the average grain size of XC-500(X¼2, 4, 8, 12) samples
estimated by the Scherrer equation and the carbon content of
these as-prepared samples were summarized in Fig. 6.

On the one hand, Fig. 5 revealed that when heat treatment
temperature raised, Fe3O4 phase produced because the nucleation
driving force in Fe2O3 transformation process enhanced [33]. A
new Fe3O4 phase formed cores at the interface of grains in Fe2O3

parent phase. The higher temperature, the greater driving force
and the easier it was to form new cores. Then thermally activation
provided atoms adequate energy to jump barriers making the in-
terface migration rate improved. As the cores grew up through
interface controlled process, atoms got rid of parent phase across
the interface and attached to a new phase [34]. On the other hand,
Fig. 5 indicated that the more amount of glucose, the earlier Fe3O4

phase generated as a consequence of the reduced nucleation work.
That was to say, the increasing amorphous carbon rose the internal
crystal defects in grains [35]. In the nucleation process, the cores
were inclined to form in these kind of positions, which could slack
distortion energy leading to the reduction of nucleation work.
Moreover, the crystal defects can also be used as a rapid diffusion
channel to accelerate the growth of new Fe3O4 phase. Thus, the
amorphous carbon derived from glucose pyrolysis could con-
tribute to the formation of a Fe3O4 phase at low temperature.

Additionally, in view of the average grain size presented in
Fig. 6, we can discover that 4C-500 sample possessed the largest
average grain size on account of less carbon content and sufficient
reaction from Fe2O3 to Fe3O4, as shown in Eq. (1). As 2C precursor
owned least carbon content, the Fe3O4 grain would grow defi-
ciently through Eq. (2), while 8C and 12C owned an excess of
carbon, the Fe3O4 grain would grow sufficiently through Eq. (1).
According to the relationship between carbon content and average
grain size presented in Fig. 6, we could find that the average grain
size decreased a little before it dropped dramatically to 19.9 nm
(even less than 2C-500 sample) as the carbon content increased
remarkably, although Fe2O3 converted into Fe3O4 entirely in XC-
500 (X¼4, 8, 12) samples. It may be caused by excess carbon
content, when the amount of amorphous carbon reached a certain
value, it would prevent the grain growth and refined Fe3O4 grain
[36].
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In addition, FE-SEM micrographs in Fig. 7 confirmed the
homogeneous grain size distribution and average grain size trends
of XC-500 (X¼2, 4, 8, 12) samples, in agreement with the analysis
above. Besides, the 2C-500 sample exhibited few large and round
pores in Fig. 7(a), while the pores became smaller and narrower
along with glucose increasing, as presented in Fig. 7(b)–(d). Since
the amount of residual amorphous carbon in precursors enhanced,
an increasing number of carbon dioxide or carbon monoxide gases
obtained by carbon burning after further heat treatment, the gases
would release and improve the porosity in products.

3.3. Magnetism analysis

A measurement of magnetic properties of Fe3O4 products XC-
500 (X¼2, 4, 8, 12) at room temperature were presented in Fig. 8.
It can be clearly seen that 4C-500 product had the highest sa-
turation magnetization of 71.77 emu/g while the others were
65.65 emu/g, 55.3 emu/g and 21.2 emu/g corresponding to 2C-500,
8C-500 and 12C-500 product, respectively. Combined with the
average grain size results shown in Fig. 6, it was confirmed that the
saturation magnetization fell off with grain size decreasing [36]. A
detailed analysis of the above relationship was demonstrated
below.

In the first place, as Fe3O4 grain size reduced, the specific sur-
face area and external phase proportion increased, which would
magnify the grain surface defects and led to exterior spin canting,
thus the saturation magnetization decreased to some extent. In
the second place, Fe3O4 had a cubic inverse spinel structure where
Fe2þ ions and Fe3þ ions occupied 4 μB and 5 μB, respectively,
which only took spin magnetic moment into account. According to
the super-exchange interaction theory, the Fe3þ ions located in
octahedral and tetrahedral sites possessed opposite spin orienta-
tion, thus the net magnetic moment of Fe3O4 sprang from the Fe2þ

ions situated in quarter of octahedral sites randomly. Conse-
quently, when Fe3O4 grain size reduced to a certain degree, the
magnetocrystalline anisotropy energy was small enough that heat
influence surpassed exchange force function, there would be no
longer a magnetic moment in fixed easy magnetization direction
but the fluctuation in all directions, led to the saturation magne-
tization decreased in a way. In the third place, with Fe3O4 grain
size reducing to a single domain state, there was no magnetic
domain wall displacement process any more ascribed to none
domain walls in granule, thus the low saturation magnetization
originated from magnetic domain rotation process exclusively. In
addition, the amount of carbon played a key role in saturation
magnetization, as the 4C-500 product owned the largest grain size
(48 nm) and less carbon content (1.13%), it exhibited the best
magnetic performance eventually.
4. Conclusions

In summary, a facile and fast solution combustion synthesis
combined with carbothermal reduction method has been de-
monstrated for the preparation of magnetic Fe3O4 nanoparticles.
We have obtained magnetite nanoparticles with an average grain
size of 48 nm and saturation magnetization of 71.77 emu/g when
precursor with 4 g glucose content was heated at 500 °C for 1 h in
argon atmosphere. Meanwhile, a possible growth mechanism and
magnetic properties of Fe3O4 nanoparticles were investigated in
detail. The results indicated that the more glucose content, the
earlier Fe3O4 phase generated and the saturation magnetization of
Fe3O4 nanoparticles fell off with grain size decreasing and carbon
content increasing.
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