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1 1. INTRODUCTION

Nanostructured transition metal oxides have
received great interest as electrodes for lithium�ion
batteries [1]. Among these, Fe2O3 is an n�type, ecof�
riendly semiconductor that can be used in household
and industrial applications for detection of toxic
vapors and harmful and flammable gases. This is why,
Fe2O3 microspheres with a hollow structure are used to
make acetone and CO sensors [2]. Also, Fe2O3 micro�
spheres are widely used in fabrication of the DNA
electrochemical biosensors for determining nucleic
acid sequences [3]. The electrodes made of nanoox�
ides of transition metals have a significantly high elec�
trochemical capacity of 700 mAh g–1. Indeed, they
can be regarded as promising substitutes for carbon
electrodes and Ni�metal hydride in Li�ion batteries
[4]. However, the most critical problem that hinders
the commercial use is their large specific volume
change, resulting in the aggregation of small particles
into larger ones [5]. A continuous volume change dur�
ing charge�discharge results in disintegration of the
electrode materials and capacity fading upon cycling
[6]. To overcome the volume changes is possible
through the use of nano�sized materials and formation
of micro composites with carbon, in which the oxide
nanoparticles are embedded within the composite.
The carbon can act as a barrier to suppress the aggre�
gation of active nano particles and thus increase their
structural stability during cycling [7]. The carbon has a
high electronic conductivity, and it can improve the

1 The article is published in the original.

conductance of the active materials and the electro�
chemical capacity of nano�oxides.

In order to produce microcomposites of metal
oxides with carbon, several methods, including mol�
ten salt process [8], two�step synthesis by graphene
[9], hydroxide and hydrothermal routes [10], floccula�
tion [11], sol�gel [12], and spray pyrolysis [13], have
been suggested.

The present research aims at using the rolling scales
oxide wastes that have not found much application so
far in a one�step production of Fe2O3/C composite
microspheres by the solvothermal method.

2. MATERIALS AND METHODOLOGY

The most important materials used in this research
were: 2.5 g of oxide shells with 97 wt % iron oxide
purity, 160 mL ethanol (96%), 50 mL sulfuric acid
99%, 2 g glucose 100%, 5 mL nitric acid 65%, and 2 g
sodium hydroxide.

First, oxide shells were dissolved in a concentrated
sulfuric acid. Then the solution was exposed to sever
magnetic stirring at 100°C for 30 min. Following that,
nitric acid was slowly added to the solution. This
resulted in a complete solution of all oxide solid parti�
cles. Then the solution was heated until it was entirely
dried. The white precipitate at the bottom largely con�
tained Fe+3 [14].

Next, 2.5 g of Fe+3 were mixed with 160 mL of eth�
anol and thoroughly stirred with a magnetic stirrer.
The solution was heated up to 60°C until all the iron
salt was solved. Due to the solving of the iron salt, the
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solution pH decreased to 1.7. In the next stage, 2 g of
glucose were solved in 5 mL deionized water and then
added to the above solution. The solution was trans�
ferred to an autoclave and stored at 185°C for 25 h and
then air�cooled to room temperature. The resulting
black precipitates were washed several times with eth�
anol and centrifuged. This caused the separation of all
anions and cations from the precipitates. The as�pre�
pared precipitates were designated amorphous
Fe2O3/C hybrid microspheres. The products were
finally dried in an oven at 50°C for 10 h.

The amorphous Fe2O3/C samples obtained via the
solvothermal reaction were annealed in the tube fur�
nace at 800°C in an argon�rich atmosphere.

The composite properties such as crystallite or
amorphous structure, crystallinity degree, and grain
size were investigated by a Philips X’pert high score
X�ray difractometer with CuK

α
 radiation (2θ is cho�

sen in the range of 10°–90°. Thermogravimetric anal�
ysis was performed on a TGA 401 instrument at up to
800°C and the heating rate of 10°C min–1 in air. The
microstructure of the as�prepared composite was
observed with the scanning electron microscope
(LEO�VP435).

3. RESULTS AND DISCUSSION

3.1. Characterization of Fe2O3/C Microspheres

Figure 1 shows X�ray diffraction (XRD) patterns of
amorphous and annealed Fe2O3/C microspheres. As
can be seen in Fig. 1, a, Fe2O3/C microspheres are
amorphous. Heating in argon atmosphere at 800°C
caused significant crystallization of Fe2O3/C samples
(Fig. 1, b). The peaks of the annealed sample are
located in 33.2, 35.7, 40.8, 54.2, 62.4, and 64.2 angles
which are assigned as (104), (110), (113), (024), (116),
(214), and (300) reflections, respectively. The carbon
is amorphous in both conditions which is similar to the
results reported by Qiao [15]. The intensity of some
peaks is weak due to the presence of impurities in the

composite. Also, during the annealing process some
amount of Fe2O3 changed into Fe3O4 because of a high
temperature and the carbon presence. The Fe2O3 grain
size was calculated based on the modified Debye
Scherrer’s equation (Eq. 1):

(1)

By plotting lnβ variations against ln(1/cosθ) the
intercept of a least squares line regression, ln = Kλ/L,
is obtained. After the calculations of the phase analysis
(XRD) results of Fe2O3/C powder, the obtained y�
intercept was –5.4886. Since λ = 1.54059 Å and K =
0.89, the Fe2O3 nanoparticles size (L) was averagely
calculated as 30 ± 4 nm.

Figure 2 shows the weight variations diagram for
amorphous Fe2O3/C powder samples resulting from
solvothermal reaction. Thermogravimetric curve
shows that the weight loss occurs in three stages. The
first stage takes place in the temperature range of 100
to 330°C. The weight loss at this stage is estimated to
5.8%, which can be due to the evaporation and
removal of water from the composite [5].

The second stage happens in the temperature range
of 330 to 360°C and the weight loss is calculated to be
12.2%. The main reason of the weight loss at this stage
is that iron hydroxide changes into iron oxide along
with the formation of vapor during the process (Eqs. 2
and 3).

2Fe (OH)3 → Fe2O3 + 3H2O, (2)

C6H12O6 → 6C + 6H2O. (3)

The third stage, from 360 to 800°C, is related to
oxidation of the amorphous carbon. The weight loss in
this stage is 36% [16]. Based on the calculations from
thermos�gravimetric curve and complete carbon oxi�
dation, the carbon content in the composite was esti�
mated to be 72%.
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Fig. 1. XRD pattern of Fe2O3/C microspheres in two con�
ditions: (a) without being annealed; (b) annealed.
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Fig. 2. Thermogravimetric curve of amorphous Fe2O3/C
powder samples resulting from solvothermal reaction in
the range from room temperature to 800°C.
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Figure 3a shows the spherical morphology of the
composites as taken from the surface of Fe2O3/C
microspheres. Their sizes are almost uniform and their
diameters are in the range 1–3.5 μm. Figure 3b shows
the image of Fe2O3/C microspheres with higher mag�
nification after annealing. The size and shape of the
microspheres have remained the same after annealing,
but the surfaces have become slightly rough due to gas
emission. It has been proved that Fe2O3 nanoparticles are
homogeneously distributed in the carbon matrix [5].

Results revealed that Fe2O3/C microspheres could
not be obtained via the solvothermal treatment below
140°C, which is in agreement with the reports by other
researchers [16]. In the absence of the iron salt precur�
sor no product is obtained from glucose and ethanol.
Also, in order to achieve a spherical morphology the
solution pH should be less than 2 [16]. Figure 4 shows
SEM image of the sample in which the pH value went
up to 2.5 because of the addition of adding sodium
hydroxide. As can be seen, the morphology tends
toward aggregation.

3.2. Fe2O3/C Microspheres Formation Mechanism

The mechanism of Fe2O3/C microspheres forma�
tion comprises two stages, namely nucleation and
growth. The initial nucleus shape is inherent and
depends on the innate properties of the composite. In
contrast, the growth stage is a thermodynamic and
controllable factor [17]. The mechanism of formation
includes production of aromatic primary compounds
containing cations and polymerization of glucose.
After that, the carbon and metal oxide nanoparticles
are produced simultaneously and metal oxide nano�
particles are distributed in the carbon matrix. In glu�
cose polymerization, hydrophobic groups play the role
of tails and include radical combinations of hydrocar�
bon (C–H). The hydrophilic head includes OH�,
CHO�, and COO�groups [16, 18]. Fe+3 cations are
attracted by hydrophilic spherical micelle parts due to
electrostatic processes [19]. Glucose influences the
surface tension of ethanol and can dramatically govern
the nucleation rate of Fe2O3 particles. When the Fe2O3

nucleation rate increases, smaller particles with
nanometer sizes are formed [19]. Following that, by
glucose polymerization, the concentration reaches the
critical micelle concentration and a spherical micelle
complex, with hydrophobic groups as the micelle core
and the hydrophilic hydroxyls as the outer surface of
micelle core are formed. Figure 5 shows how Fe2O3/C
microspheres are formed. After nucleation, the hydro�
philic hydroxyls are still anchored to the closest free
molecules [18], which causes the watering of the
nucleus and hence the micelle growth. Fe+3 cations are
continuously attracted by the hydrophilic parts of the
growing sphere and change into Fe2O3 after Fe(OH)3
is formed. This trend continues until all glucose mole�
cules are consumed.

The spherical appearance of the as�synthesized
microcomposites can be explained in this way: chemi�
cal reactions generally move in a certain direction,
which results in the decrease of the Gibbs free energy.
Formation of microspheres must be related to the
Gibbs free energy. On the other hand, the molecules
surface stresses should reach a minimum by formation
of spherical morphology, so as to reduce the surface
free energy. In fact, in the formation of the final com�

Fig. 3. SEM image of Fe2O3/C microspheres in which Fe2O3 nanoparticles (30 ± 4 nm) are distributed in the carbon spheres: (a)
in amorphous condition; (b) annealed at 800°C.

Fig. 4. SEM image of a sample with pH = 2.5.
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posite shape there is a competition between the surface
free energy and the Gibbs free energy. When the parti�
cle size is small, the surface free energy is the dominant
mechanism and with formation of the spherical mor�
phology reaches a minimum value due to the lowest
surface to volume ratio [20].

Gradually, with the increase of the spheres size, the
surface free energy plays a less significant role in the
material morphology. However, it should be noted that
with control of variable such as temperature, precursor
concentration, pH, and the like we can make varia�
tions as to the role played by either the Gibbs free
energy or the surface free energy.

4. CONCLUSIONS

In this research, microspherical Fe2O3/C compos�
ites were prepared via the solvothermal approach by
using the mill scale oxide shells and the following
results were obtained:

(1) XRD patterns quite evidently depicted Fe2O3
peaks. Also, by studying the growth mechanism, it can
be inferred that Fe2O3 nanoparticles are homoge�
neously distributed in the carbon matrix. The carbon
content in the composite is amorphous in both
annealed and un�annealed conditions.

(2) Based on the thermos�gravimetric curve and
complete carbon oxidation, the carbon content in
microspherical Fe2O3/C composites was estimated to
be 72%.

(3) SEM images revealed a spherical and smooth
morphology. The sizes of the microspheres were
rather uniform and their diameters were in the range
of 1–3.5 μm.

(4) For synthesis of Fe2O3/C microspheres the
solution pH should be lower than 2 and the tempera�
ture should be above 140°C.

(5) In addition to providing carbon, glucose
decreases the surface tension of ethanol and increases
the nucleation rate of Fe2O3 nanoparticles, thus
decreasing the grain size of Fe2O3 particles near the
hydrophobic chain.
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