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Abstract

xV2O3 � (1−x)Fe2O3 (x¼0.1, 0.3, 0.5, and 0.7) solid solutions were successfully synthesized by mechanochemical activation of V2O3 and
α-Fe2O3 mixtures. The study aims at exploring the formation of solid solutions at the nanoscale, which is of crucial importance for catalysis and
sensing applications. X-ray powder diffraction (XRD), Mössbauer spectroscopy, scanning electron microscopy (SEM), simultaneous differential
scanning calorimetry and thermogravimetric analysis (DSC–TGA), and optical diffuse reflectance spectroscopy were combined for detailed
studies of phase evolution of xV2O3 � (1−x)Fe2O3 solid solution under the mechanochemical activation process. The Mössbauer studies indicated
that the spectrum of the mechanochemically activated composites evolved from a sextet for hematite to sextets and a doublet upon duration of the
milling process with vanadium oxide. Simultaneous DSC–TGA studies indicated that the thermal stability of V2O3-α-Fe2O3 composites varies
with the ball-milling time due to the effect of V3+

–Fe3+ ion substitution and the continuous formation of a solid solution. SEM images of the
formed solid solution confirmed the wide range distribution of particles sizes composed of nano-grains. Optical diffuse reflectance spectroscopy
studies showed that the synthesized V2O3-α-Fe2O3 solid solution had semiconductor properties.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hematite is one of the most used oxides, with various
applications in scientific and industrial fields. It can be used as
semiconductor compound [1], magnetic material [2], catalyst
[3], and gas sensor [4].

The vanadium oxides form a fascinating class of materials
that exhibit a large variety of structures with different physical
and chemical properties. This diversity makes vanadium
oxides technologically relevant and leads to various applica-
tions, such as light detectors, electrical and optical switching
devices, as well as heterogeneous catalysis [5,6]. From
fundamental research interest and wide application points of
view, vanadium oxides possess various vanadium oxidation
states ranging from +2 to +5 as well as different oxygen
geometries in the crystalline structures. These make vanadium
oxides attracting materials due to their rich electronic and
magnetic structures as well as phase transitions. V2O3 is one of
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many transition metal oxides that present a distinct metal–
insulator transition (MIT) [7]. In particular, the MIT of V2O3 is
triggered by changes in temperature, doping components and
concentration, and applied external pressure. Pure V2O3 goes
from an antiferromagnetic insulator phase below 150–170 K
to a paramagnetic metal phase at higher temperature [8–10].
This is usually considered the paradigm of the Mott-Hubbard
transition, where the Coulomb interaction between conduction
electrons leads to a breakdown of conventional one-electron
band theory [11,12].
The binary V2O3–Fe2O3 solid solution system exhibits

corundum structure, which shows interesting magnetic proper-
ties and gives further insight into the phenomenon of direct
cation–cation interactions. It was also reported that when SnO2

and Fe2O3 were added to V2O3-based PTC ceramic materials,
they are reduced to corresponding metals under reductive
atmosphere, which helps develop the sintering properties and
reduce the room temperature properties. Therefore, it can be
used in large electric power systems as current limiter materials
[13]. The V2O3-α-Fe2O3 solid solution was normally synthe-
sized through high temperature solid state reaction for a certain
ghts reserved.
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amount of time under vacuum, followed by quenching the
obtained ingots in air [14]. So far, most of research interests
in this system are focused on the metal–insulator transition
behavior at low temperature. To the best of our knowledge, no
detailed thermal, magnetic, or crystalline structure studies on
xV2O3 � (1−x)Fe2O3 solid solutions at room temperature with
different molar ratios x are reported, especially for mechan-
ochemical ball milling synthesized solid solutions.

In this work, we report the successful synthesis of xV2O3 �
(1−x)Fe2O3 solid solution by mechanochemical activation
method through ball-milling of V2O3 and α-Fe2O3 mixtures
with V2O3 molar concentration x¼0.1, 0.3, 0.5, and 0.7 at
room temperature. X-ray powder diffraction, simultaneous
DSC–TGA, Mössbauer spectroscopy, scanning electron micro-
scopy, and UV–vis spectroscopy have been employed to
investigate the phase evolutions, thermal behaviors, magnetic
properties and morphologies of ball-milled oxides at different
ball-milling duration. The assisting role of mechanochemical
activation in the synthesis of the V2O3-α-Fe2O3 solid solution
is discussed.
2. Experimental

Vanadium (III) and iron (III) oxides were purchased from
Alfa Aesar: Vanadium (III) oxide (95% metals basis, average
particle size about 67.8 nm), and hematite (α-Fe2O3, 99%
metal basis, average particle size about 49.2 nm). Powders of
hematite and vanadium (III) oxides were milled in a hardened
steel vial with 12 stainless-steel balls (type 440; eight of 0.25
in diameter and four of 0.5 in diameter) in the SPEX 8000
mixer mill for time periods ranging from 2 to 12 h. The ball/
powder mass ratio was 5:1. Prior to their introduction in the
ball milling device, the powders were manually ground in air
to obtain a homogeneous mixture.

The X-ray powder diffraction patterns of samples were
obtained using a PANalytic X′Pert Pro MPO powder diffract-
ometer with CuKα radiation (45 kV/40 mA, λ¼1.54187 Å)
with a nickel filter on the diffracted side. A silicon-strip
detector called X′cellerator was used. The scanning range was
10–801 (2θ) with a step size of 0.021. The average particle size
was determined by the Scherrer method. The lattice parameters
were extracted from Rietveld structural refinement of the XRD
patterns.

Simultaneous DSC–TGA experiments were performed using
a Netzsch Model STA 449 F3 Jupiter instrument with a Silicon
Carbide (SiC) furnace. Samples were contained in an alumina
crucible with an alumina lid. Series of experiments were
performed using 2072 mg sample size. The atmosphere
consisted of flowing protective argon gas at a rate of 50 ml/
min. DSC and TGA curves were obtained by heating samples
from room temperature to 800 1C with a ramp rate of 10 1C/
min. Both DSC and TGA curves were corrected by subtraction
of a baseline which was run under identical conditions as
DSC–TGA measurement with residue of samples in the
crucible. The Netzsch Proteus Thermal Analysis software
was used for DSC and TGA data analysis.
Room temperature transmission Mössbauer spectra were
recorded using an MS-1200 constant acceleration spectrometer
with a 10 mCi 57Co source diffused in Rh matrix. Least-
squares fittings of the Mössbauer spectra were performed with
the NORMOS program.
Scanning electron microscopy was performed using a

Hitachi S-3400N scanning electron microscope. The powders
of both 12 h ball-milled sample were adhered on top of double
side carbon tape which was attached onto a standard aluminum
stub and examined under high vacuum conditions, respec-
tively. Different accelerating voltages for different magnifica-
tions and a 5.0 mm working distance were employed.
An optical diffuse reflectance spectrum was obtained using a

Varian Cary 5000 UV/vis/NIR spectrophotometer. The sample
was loaded into a Harrick Praying Mantis diffuse reflectance
accessory that uses elliptical mirrors. BaSO4 was used as a
100% reflectance standard. Scans were performed from 2500
to 200 nm at a rate of 600 nm/min. The wavelength data were
converted to electron volts, and the percent reflectance data
were converted to absorbance units using the Kubelka–Munk
equation [15].

3. Results and discussion

3.1. XRD

Fig. 1 represents the XRD patterns of V2O3-doped hematite,
xV2O3 � (1−x)α-Fe2O3 for x¼0.5, corresponding to milling
times between 2 and 12 h. The starting materials were pure
α-Fe2O3 and V2O3 phases, and no diffraction peak from other
phases was detected after the physically mixing process
(Fig. 1a). For the ball-milled composites (Fig. 1b–e), the
XRD patterns show progressive peak broadening with milling
time. This peak broadening is associated with the decrease in
grain sizes for both α-Fe2O3 and V2O3 samples. It can also be
seen that the diffraction peak intensities of α-Fe2O3 and V2O3

decrease with the increase in ball-milling time, indicating
the possible ion substitutions between V3+ and Fe3+ in the
corresponding hematite and V2O3 lattices. However, both
α-Fe2O3 and V2O3 phases are still present in the composites
when the ball milling time is≤8 h, which can be identified
from the splitting of the diffraction peaks. Both α-Fe2O3 and
V2O3 phases are absent in the XRD patterns up to 12 h of
milling time, and the split diffraction peaks merge together,
indicating the formation of a solid solution of α-Fe2O3–V2O3

under mechanochemical activation up to 12 h. It has to be
noted that the formation of solid solution cannot be excluded
when the ball milling time is less than 8 h, however, these
formed solid solutions can be fitted with either α-Fe2O3 or
V2O3 phases. Table 1 presents the lattice parameters of the
Rietveld structural refinement. It can be seen that the average
grain size of α-Fe2O3 and V2O3 decreases with the ball-milling
time. The original α-Fe2O3 has an average grain size of
49.2 nm and decreases to 31.6 nm after 2 h of ball milling.
It decreases continuously at long ball milling times, from
24.2 nm for 4 h milling down to 18.5 nm for 8 h milling. The
original V2O3 has an average grain size of 67.8 nm, and it



Table 1
Rietveld refinement parameters from XRD patterns of xV2O3 � (1−x)α-Fe2O3

(x¼0.5) composites at different ball-milling times and the as-synthesized solid
solution sample.

BMT
(h)

Phase H¼α-Fe2O3

V¼V2O3

Lattice parameters Grain size
(nm)

a (Å) c (Å) V (Å3)

0 H 5.0373 13.739 301.92 49.2
V 4.9543 14 297.24 67.8

2 H 5.0346 13.7436 301.68 31.6
V 4.9549 14 297.65 45.9

4 H 5.0316 13.7164 300.72 24.2
V 4.9609 13.9998 298.37 27.2

8 H 5.0266 13.7339 300.51 18.5
V 4.9881 13.9335 300.22 16.5

12 Solid solution 5.0073 13.8321 300.34 11.5
Error 70.0002 70.0002 70.01 70.1

Fig. 1. XRD patterns of mechanochemically activated xV2O3 � (1−x)α-Fe2O3

(x¼0.5) composites at ball milling time of: (a) 0 h; (b) 2 h; (c) 4 h; (d) 8 h; (e)
12 h, respectively.
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drops to 45.9 nm after first 2 h of ball-milling time. It also
decreases with the increase in ball milling times, from 27.2 nm
for 4 h milling down to 16.5 nm for 8 h milling. The difference
in the decrease in the average grain sizes of α-Fe2O3 and V2O3

may arise from the different micro-strains which were applied
in the two different materials during the ball-milling process.
After 12 h of ball milling, the average grain size of the formed
solid solution is about 11.5 nm.

The variations in lattice parameters of hematite (a and c) and
V2O3 (a and c) of xV2O3 � (1−x)α-Fe2O3 (x¼0.5) composites
are due to the high energy ball milling which causes the
decrease in grain size, the gradual V3+ substitution of Fe3+ in
hematite lattice, and Fe3+ substitution of V3+ in V2O3 lattice.
For V2O3 phase, lattice parameter a increase from 4.9543 Å in
0 h ball-milled sample to 4.9881 Å in 8 h ball-milled sample,
while lattice parameter c decreases from 14.0000 Å, to
13.9335 Å. The increase in the lattice parameter a, and the
decrease in c of the V2O3 with the increase in ball-milling time
is consistent with the radius difference between Fe3+ and V3+,
with Fe3+ (∼ 0.63 Å) bigger than V3+ (∼0.54 Å). Interestingly,
lattice parameter a of α-Fe2O3 phase decreases with the
increase of the ball-milling time, from 5.0373 Å for 0 h ball-
milled sample to 5.0266 Å for 8 h milled sample. Parameter c
does not change much during the milling process due to the
similar c values in hematite and the formed solid solution.
The change in the lattice parameters of α-Fe2O3 is due to the
high energy ball-milling effects, which decrease the grain size
during the ball-milling process, as well as the V3+ substitution
of Fe3+ in α-Fe2O3 lattice. During the ball-milling process, a
microstrain concentrates in the lattice and increases the lattice
distortion and strain energy. The increase in the lattice
distortion, decrease in grain size and ion substitutions result
in the variation of lattice parameters of both α-Fe2O3 and
V2O3. In fact, it is well documented in the literature that lattice
parameter changes under ball-milling process, either contrac-
tion or expansion, are expected when the grain sizes decrease
as compared to the values of bulk materials [16,17].
From the variations in lattice parameters and average grain

sizes of α-Fe2O3 and V2O3, it can be inferred that the
mechanochemical activation of the α-Fe2O3–V2O3 mixtures
reduces the average grain sizes and introduces the ion
substitutions between V3+ and Fe3+ in α-Fe2O3/V2O3 lattices
and the continuous formation of α-Fe2O3–V2O3 solid solution.
When the ball milling time is up to 12 h, a complete solid
solution forms under mechanochemical activations. After
continuous ball-milling up to 14 h, no further phase change
was observed, indicating that 12 h ball milling time is enough
to produce complete solid solution of xV2O3 � (1−x)Fe2O3

(x=0.5).
Fig. 2 shows the X-ray powder diffraction patterns of the

formed xV2O3–(1−x)Fe2O3 solid solutions with different V2O3

molar fractions x in the range of 0≤x≤1 after 12 h ball milling
time. Fig. 2a is a typical powder diffraction pattern of single-
phase α-Fe2O3. The XRD pattern of the original V2O3 material
is shown in Fig. 2f, and it is verified to be single phase. All of
the formed solid solutions have the average grain size of
∼12 nm, as evidenced from the similar intensities and widths
in corresponding diffraction peaks. Compared to the XRD



Fig. 3. Lattice parameters a and c of the formed xV2O3 � (1−x)α-Fe2O3 solid
solutions as a function of V2O3 molar fraction x (a) lattice parameter a, and (b)
lattice parameter c.

Fig. 2. XRD patterns of the synthesized xV2O3 � (1−x)α-Fe2O3 solid solution
materials with different V2O3 molar fraction x of: (a) 0, (b) 0.1, (c) 0.3, (d) 0.5,
(e) 0.7, and (f) 1, after 12 h of ball milling.
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patterns of the original Fe2O3 corundum material (Fig. 2a),
it was found that the diffraction peaks of the formed solid
solutions shift to higher 2θ angles systematically with the
increase in the molar fraction x of V2O3, owing to the
difference in radius between Fe3+and V3+. The decrease in
the unit cell volume V of the as-obtained solid solution with
the increase in the V3+ content is also suggested, V drops from
302.11 Å3 for x¼0.1 to 297.91 Å3 for x¼0.7. Fig. 3 shows the
variation of the lattice parameters a and c of the formed solid
solutions, which were extracted from the Rietveld structural
refinement of the XRD patterns, as a function of the V2O3

molar fraction x. It was found that there is a linear relationship
between a, c and x, respectively. Lattice parameter a decreases
from 5.0373 Å to 4.9801 Å, while c increases from 13.7390 Å
to 13.8699 Å for x¼0 and x¼0.7, respectively. The linear
relationship follows the Végard's rule [18,19], such that the
lattice parameters a and c of the formed solid solution have
weighted averages of those of the two end members [20]. The
decrease in the relative amount of α-Fe2O3 and the increase in
V2O3 content result in smaller lattice parameter a and larger
lattice parameter c of the solid solution xV2O3–(1−x)Fe2O3.
The linear changes in lattice parameters a and c are induced
by the V3+

–Fe3+ ionic substitution, which in turn causes the
formation of solid solutions. The different variation trends in
lattice parameters a and c of the solid solutions can also be
identified from the relative intensity changes of the diffraction
peaks of ∼33.11 and 54.01 with plane index as (114) and (116),
respectively.

3.2. Mössbauer spectroscopy

Fig. 4(a)–(e) shows the room temperature transmission
Mössbauer spectra of the xV2O3(1−x)α-Fe2O3 (x¼0.5) com-
posites after ball milling for 0, 2, 4, 8 and 12 h, respectively.
The hyperfine parameters corresponding to these spectra are
given in Table 2. At 0 h of milling time, the spectrum was
fitted with 1 sextet (Fig. 4a), corresponding to α-Fe2O3. After
2 h of milling time, the Mössbauer spectrum was fitted with 3
sextets and 1 doublet. The three sextets can be attributed to the
α-Fe2O3 phase and the vanadium-substituted α-Fe2O3 phase
with V3+ substitution of Fe3+ in the α-Fe2O3 lattice, respec-
tively, and the doublet can be assigned to Fe3+ ions which
substitute V3+ in the V2O3 lattice. When part of V3+

substitutes Fe3+ in α-Fe2O3 lattice, antiferromagnetic ordering
among Fe3+ can still be induced by exchange interaction,
which gives sextets in the Mössbauer spectrum, with different
strengths in hyperfine magnetic fields. However, when a small
amount of Fe3+ substitution of V3+ in V2O3 lattice occurs, no
antiferromagnetic ordering among Fe3+ in V2O3 lattice can be
induced by the exchange interaction, therefore, only a quadru-
pole doublet appears. The isomer shift of Fe3+ extracted from
the doublet is higher compared to that of Fe3+ extracted from



Fig. 4. Mössbauer spectra of mechanochemically activated xV2O3 � (1−x)α-
Fe2O3 (x¼0.5) composites at ball milling time of: (a) 0 h; (b) 2 h; (c) 4 h; (d)
8 h; (e) 12 h.

Table 2
Mössbauer parameters for xV2O3 � (1−x)α-Fe2O3 (x¼0.5) composites at
different ball-milling times.

Sample
(x)

BMT
(h)

I.S.
(mm/s)

Q.S.
(mm/s)

B
(Tesla)

Abundance
(%)

x¼0.5 0 0.46 −0.30 47.5 100
2 0.50 −0.32 48.6 5.3

0.45 −0.27 47.7 50.8
0.45 −0.35 45.4 33.2
0.54 0.55 / 10.7

4 0.43 −0.22 48.8 6.8
0.46 −0.29 47.5 46.6
0.46 −0.32 45.1 21.8
0.53 0.55 / 24.8

8 0.42 −0.23 48.7 3.9
0.46 −0.27 47.7 35.1
0.41 −0.22 45.2 11.1
0.54 0.56 / 49.9

12 0.41 −0.23 48.6 12.1
0.43 −0.26 47.0 7.9
0.39 −0.25 44.5 9.3
0.53 0.60 / 70.7

Errors 70.01 70.02 70.5 70.5

Notes: BMT - Ball milling time; I.S. - Isomer shift (relative to the source);
Q.S. - Quadrupole splitting/shift; B - Hyperfine magnetic field.
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the sextet pattern of α-Fe2O3 phase, and this may be attributed
to the change of neighbors in these two different cases. The
relative abundance of a magnetic phase with highest hyperfine
field (48.6 T) is 5.3%, and the relative population of a
magnetic phase with lower hyperfine fields of 47.7 and
45.4 T is 50.8% and 33.2%, spectively.

After 12 h of milling time, the spectrum can still be fitted
with 3 sextets and 1 doublet (Fig. 4e). Similar to the 2 h ball-
milled sample, the three sextets can be attributed to the α-
Fe2O3 phase and the vanadium-substituted α-Fe2O3 phase with
V3+ substitution of Fe3+ in the α-Fe2O3 lattice, respectively,
and the doublet can be assigned to Fe3+ ions which substitute
V3+ in the V2O3 lattice. In addition, the population of this
quadrupole splitting doublet component increases dramatically
from 10.7% for 2 h ball-milled sample to 70.7% for 12 h ball-
milled sample, indicating that longer ball-milling time intro-
duces not only smaller grain sizes, but also more ion
substitutions between Fe3+ and V3+. It has to be noted that
the population of the quadrupole split doublet increases with
the increase of ball milling time, indicating the continuous
formation of solid solution. From the XRD pattern of this 12 h
ball-milled sample, no hematite or V2O3 phases were detected,
and the solid solution of Fe2O3–V2O3 was the only phase
within the detection limits of XRD. The Mössbauer spectrum
of the synthesized xV2O3 � (1−x)α-Fe2O3 (x¼0.5) solid solu-
tion consists of three sextets and one doublet, indicating the
co-existence of ferromagnetic and paramagnetic behavior.
The ferromagnetic components may arise from the defects of
the synthesized solid solution or the non-uniformly distributed
Fe2O3 and V2O3 phases. The ferromagnetic behavior was also
observed for xV2O3 � (1−x)α-Fe2O3 (x¼0.5) solid solution
synthesized through high temperature (∼1400 1C ) solid state
reaction [21].
In order to investigate the magnetic properties of the

xV2O3 � (1−x)α-Fe2O3 solid solutions with different V2O3

molar fractions x (0.1, 0.3, 0.5 and 0.7), Mössbauer measure-
ments were performed, the spectra are shown in Fig. 5 and the
fitting parameters are summarized in Table 3. All Mössbauer
spectra of the formed solid solutions showed both sextets and
doublet, indicating the co-existence of both ferromagnetic and
paramagnetic properties. The percentage of paramagnetic
components increases with the increase in V2O3 molar fraction
x, owing to the decrease in exchange coupling between Fe3+

ions with the increase in V3+ concentration. However, the
small amount of ferromagnetic components indicates that the
solid solutions prepared through ball-milling possess defects,
such that part of Fe3+ ions are still strongly coupled. The
magnetic behavior of the ball-milled synthesized solid solution
xV2O3 � (1−x)α-Fe2O3 is similar to that of solid-state-reaction
synthesized V2O3–Fe2O3 solid solution with different V2O3



Fig. 5. Mössbauer spectra of the synthesized xV2O3 � (1−x)α-Fe2O3 solid
solution materials with different V2O3 molar fraction x of: (a) 0.1, (b) 0.3,
(c) 0.5, and (d) 0.7 after 12 h of milling, respectively.

Table 3
Mössbauer parameters for solid solution xV2O3 � (1−x)α-Fe2O3 with different
V2O3 molar concentration x.

Sample
(x)

BMT
(h)

I.S. (mm/s) Q.S. (mm/s) B (Tesla) Abundance
(%)

x¼0.1 12 0.46 −0.3 47.6 46.2
0.43 −0.2 45.5 18.1
0.42 −0.26 42 22.1
0.53 0.71 – 13.6

x¼0.3 12 0.43 −0.27 47.7 27.4
0.43 −0.26 45.1 10.8
0.45 −0.29 43.2 4.4
0.53 0.63 – 57.4

x¼0.5 12 0.41 −0.23 48.6 12.1
0.43 −0.26 47 7.9
0.39 −0.25 44.5 9.3
0.53 0.6 – 70.7

x¼0.7 12 0.4 −0.23 48.9 8.2
0.4 −0.2 47.6 16.5
0.39 −0.19 45.4 2.4
0.53 0.59 – 72.9

Errors 70.01 70.02 70.5 70.5

Notes: BMT - Ball milling time; I.S.—Isomer shift (relative to the source); Q.
S.—Quadrupole splitting/shift; B—Hyperfine magnetic field.
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contents, such that the ferromagnetic, weak ferromagnetic
properties and Curie temperature are heavily dependent on
the molar ratios of V2O3 [22]. The existence of ferromagnetic
behavior of the formed solid solutions may also be explained
by the fact that Fe3+ ions participate in the long range order
through V3+

–Fe3+ interaction [23].

3.3. Scanning electron microscopy

SEM was employed to study the morphology and particle
size of the as-obtained solid solution. Fig. 6 shows secondary
electron SEM images of the xV2O3 � (1−x)α-Fe2O3 (x¼0.5)
composite after 12 h of ball-milling time. For the 12 h ball-
milled composites, a mixture of large crystal agglomerates in
the size range 1 mm to 30 mm coated with much finer grains
with nanometer dimensions is observed (Fig. 6a). However,
most particles are still less than 10 μm at this magnification
scale. Fig. 6b shows more details of the as-obtained solid
solution at a different magnification. It can be seen clearly that
the large agglomerates consist of fine grains with redundant
sizes in nanometer range. Grains in the nanometer size range
are distributed randomly and form the big agglomerates,
indicating ball milling is a useful method to prepare compo-
sites in nanometer scale. Agglomerates were also found in ball-
milling prepared LaFeO3 perovskite materials [24], indicating
it is a general phenomenon to produce some agglomerates with
micrometer size using the high energy ball milling method.
The mapping analysis showed that V3+ substitution of Fe3+

in Fe2O3 lattice and Fe3+ substitution of V3+ in V2O3 lattice
occurs simultaneously after 12 h ball milling time, and the
O2+, V3+ and Fe3+ are relative uniformly distributed in the
synthesized solid solution (Fig. 7a-e). However, some Fe3+

rich areas can be also observed form Fe3+ map with bright
brown dots (Fig. 7e), which may account for the ferromagnetic
behavior of the synthesized solid solution that has three sextets
in the Mössbauer spectrum (Fig. 5c). All these SEM images
and mapping analysis point to that a well-mixed dispersion of
V2O3–Fe2O3 solid solution with fine-scale grains was achieved
by mechanochemical ball milling, though some large agglom-
erates also formed during the process.

3.4. Simultaneous DSC–TGA

The DSC–TGA curves of the original α-Fe2O3 and V2O3

samples are shown in Fig. 8. One endothermic peak at 103 1C
can be been seen for the original V2O3 sample (Fig. 8b).
The TGA curve of the V2O3 sample shows that there is a
distinguished weight loss (∼−4.5%) corresponding to the



Fig. 6. SEM images of mechanochemically activated xV2O3 � (1−x)α-Fe2O3 (x¼0.5) composites at ball-milling time of 12 h.

10 µm

Fig. 7. Energy dispersive X-ray compositional images of the sample specimen area at the same magnification: (a) typical SEM image of agglomerate covered with
fine particles; (b) Overall compositional image, (c) O K line image; (d) V L line image; and (e) Fe K line image.
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endothermic peak at 103 1C, which can be assigned to the
physically absorbed water content. No weight loss was
observed for the V2O3 sample above 300 1C, indicating the
thermal stability of this sample at high temperature. Several
exothermic peaks from the DSC curve of V2O3 above 300 1C
can be assigned to the crystallization of V2O3 fine particles.



Fig. 8. DSC–TGA curves of the starting materials (a) α-Fe2O3, and (b) V2O3.
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The detailed explanations of the DSC–TGA curves of the
original α-Fe2O3 samples have been discussed in reference
[25], with the first exothermic peak and weight loss correspond-
ing to the decomposition of α-Fe2O3 under argon atmosphere.

Fig. 9 shows the DSC and TGA curves of xV2O3 � (1−x)α-
Fe2O3 (x¼0.5) composites after ball milling for 0, 2, 4, 8 and
12 h, respectively. Similar to the weight loss of the original
V2O3 sample, the weight loss up to temperatures of about
300 1C for all the ball-milled samples can be attributed to the
surface physically adsorbed water.

At 0 h of milling time, the DSC curve showed one
endothermic peak at 90 1C and one small exothermic peak
(Fig. 9a) with the peak temperature at 311 1C. The endother-
mic peak can be assigned to desorption of water content.
However, the characteristics of this DSC curve are not just the
simple sum of the DSC curves of the original α-Fe2O3 and
V2O3 samples. The integration of this exothermic peak gives
an enthalpy value of 12 J/g, which is much smaller than that of
the original α-Fe2O3 sample (∼1.2 kJ/g) or V2O3 sample (19 J/g).
This means that the manually ground mixture of xV2O3 � (1−x)
α-Fe2O3 (x¼0.5) shows a different thermal behavior compared to
samples with α-Fe2O3 or V2O3 alone. The peak temperature of
this exothermic peak (311 1C) shifted a little bit comparing with
that of the original V2O3 sample (308 1C). The difference in DSC
curves may characterize strong solid–solid interactions between
α-Fe2O3 and V2O3, which affect the crystallization of α-Fe2O3

and V2O3 fine grains.
Fig. 9f shows the TGA curve of xV2O3 � (1−x)α-Fe2O3

(x¼0.5) composite for 0 h of ball milling. A weight loss value
of 0.60% can be observed for temperatures from 330 to
400 1C, and this weight loss can be assigned to the thermal
decomposition of α-Fe2O3 under Ar atmosphere. The value of
this weight loss is smaller than that of the pure original α-
Fe2O3 (0.93%) and is reasonable considering that there is 50%
of V2O3 in molar fraction in the mixtures. This means that the
manually grinding process does not dramatically change the
phase transition of α-Fe2O3 decomposition. The decrease in the
enthalpy for this sample must be due to the solid–solid
interactions.
After ball milling for 2, 4, 8 and 12 h, the DSC curves of

xV2O3 � (1−x)α-Fe2O3 (x¼0.5) nanostructure system (Fig. 9b–
e) change dramatically compared to that of 0 h ball milled
sample, indicating the strong effect of ball-milling on the
thermal behavior of xV2O3 � (1−x)α-Fe2O3 system. One broad
endothermic peak with peak temperature around 100 1C can be
observed for all of the ball-milled samples, which can be
assigned to desorption of water contents. The small exothermic
peak around 311 1C, which was observed for 2 h ball-milled
sample, diminished for the ball-milled samples with longer ball
milling time. Another exothermic peak (∼500 1C) appears on
the DSC curves of the ball-milled sample. The intensity of the
exothermic peak on the DSC curves increases with the increase
of the ball milling time. From the TGA curves of xV2O3 �
(1−x)α-Fe2O3 nanostructure system (x¼0.5) after different
ball-milling times (Fig. 9g–j), it was found that the amount of
weight loss in the temperature range of 330 to 400 1C changes
dramatically with the ball-milling time; no distinguished
weight loss was observed for all of the ball-milled samples,
indicating the stronger solid–solid interaction between α-Fe2O3

and V2O3 after ball-milling, compared to 0 h ball-milled
sample. The difference in DSC and TGA curves is due to
the continuous V3+

–Fe3+ substitution in the corresponding
Fe2O3 and V2O3 lattices and it also reflects the continuous
formation of solid solution between α-Fe2O3 and V2O3 phases,
though the peak splitting is still present in the XRD patterns
when the ball milling time is less than 8 h.

3.5. Optical diffuse reflectance spectroscopy

The optical diffuse reflectance spectrum for samples of
Fe2O3, V2O3, and xV2O3 � (1−x)α-Fe2O3 (x¼0.5) with differ-
ent ball milling times, are shown in Fig. 10.
For hematite, the valence and conduction bands arise from

crystal field splitting of the Fe 3d levels due to the octahedral
coordination of oxygen around Fe [26]. As shown in Fig. 10a,
diffuse reflectance spectra of original hematite exhibit a band
gap energy value of ∼2.19 eV, which is consistent with
reported value for bulk hematite [27,28]. V2O3 forms



Fig. 9. DSC curves of mechanochemically activated xV2O3 � (1−x)α-Fe2O3 (x¼0.5) composites at ball milling time of: (a) 0 h; (b) 2 h; (c) 4 h; (d) 8 h; (e) 12 h, and
TGA curves of mechanochemically activated xV2O3 � (1−x)α-Fe2O3 composites (x¼0.5) at ball milling time of: (f) 0 h; (g) 2 h; (h) 4 h; (i) 8 h; (j) 12 h.

M. Sorescu et al. / Ceramics International 39 (2013) 8441–8451 8449
corundum crystal with cR3 space group, the band gap energy
is rather complicated. V2O3 is metallic at room temperature,
and no distinguished band gap can be observed in the range of
1.0 to 2.5 eV (Fig. 10b). However, there is a continuous
increase in absorption of UV–vis light in the energy range of
2.5 to 3.26 eV, which reflects the complicated electron
transition states in V2O3 material. For sample xV2O3 � (1−x)
α-Fe2O3 (x¼0.5) with 0 h of milling time, in other words, just
after physical mixing of V2O3 and α-Fe2O3, the UV–vis
spectrum changes slightly, with a relatively sharp increase in
α/s at energy value of ∼2.19 eV (Fig. 10c), which is similar to
that of the original hematite. On the other hand, the continuous
increase in the α/s value in the energy range of 2.28 to 4.85 eV
comes from electron transitions of V2O3. The characteristics of
UV–vis spectrum for this 0 h ball milled sample indicates that
physical mixing doesnot dramatically change the band gap
energies of Fe2O3 and V2O3, respectively.

After different hours of milling time, band gap energies of
the ball-milled samples do change dramatically, especially for
the 8 and 12 h ball milled samples (Fig. 10f and 10g). Similar
to that of 0 h ball-milled samples, there is still relatively sharp
increase in the α/s value at ∼2.18 eV. However, the energy is
continuously increasing as the α/s on the UV–vis spectra was
narrowed to 3.34 eV, suggesting the strong solid–solid inter-
action between Fe2O3 and V2O3 phases as well as the
formation of xV2O3 � (1−x)α–Fe2O3 (x¼0.5) solid solution;
this is in good agreement with the XRD results that diffraction
peaks splitting diminished after 12 h of ball milling. The
mechanochemical activation process does alter the band gap
energies of the ball-milled oxide mixtures dramatically, which
can also be reflected from the changes in its microstructures,
average grain sizes, thermal stability, and magnetic properties.
After 12 h ball milling, the formed xV2O3 � (1−x)α-Fe2O3

(x¼0.5) solid solution has a semiconductor behavior, which
is similar to hematite.

4. Conclusions

After mechanochemical activation of α-Fe2O3 and V2O3

mixtures with 1:1 M ratio for 12 h, single phase solid solution
was successfully synthesized by mechanochemically activated
composite for 12 h. The mechanochemical activation process



Fig. 10. The optical diffuse reflectance spectrum converted to absorption for
samples: (a) original hematite, (b) original V2O3, and mechanochemically
activated xV2O3 � (1−x)α-Fe2O3 (x¼0.5) composites at ball milling time of: (c)
0 h; (d) 2 h; (e) 4 h; (f) 8 h; and (g) 12 h, respectively. On the y axis, α is the
absorbance and s is the scattering coefficient constant.
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played an important role for the synthesis of solid solution.
It homogeneously mixed the starting materials of α-Fe2O3 and
V2O3 and decreased their average grain sizes. The Mössbauer
spectroscopy studies indicated that the spectrum of the
mechanochemically activated composites consisted of three
sextets and one doublet, indicating the occurrence of V3+

–Fe3+

ion substitutions in the corresponding α-Fe2O3 and V2O3

lattices, respectively. Simultaneous DSC–TGA studies indi-
cated that the synthesized solid solution are thermally stable up
to 800 1C. SEM images of the as-synthesized solid solutions
confirmed the wide range distribution of particles sizes, from
nanometer-sized particles to micrometer-sized agglomerates,
but the grains maintain sizes at the nanometer scale. Optical
diffuse reflectance spectroscopy studies showed that the
synthesized solid solution phase had semiconductor properties.
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