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Abstract
Pure (S1) and Dy3+-doped α-Fe2O3 (S2 and S3) nanoparticles were prepared by a combustion synthesis method 
at 700 ºC for 8 h using Fe(acac)3 (Tris(acetylacetonato)Iron(III)) as raw material. Characterizations of the 
prepared powders were carried out by powder X-ray diffraction (PXRD). Structural analysis was performed by 
the FullProf program employing profile matching with constant scale factors. Scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), electrochemical impedance spectroscopy (EIS), elemental 
maps analysis and energy-dispersive X-ray spectroscopy (EDS) were also performed to determine the dopant 
amount in the α-Fe2O3 crystal structure (S3). The results showed that the patterns had a main hexagonal 
structure with space group R. The cell parameters data, calculated by rietveld analysis, showed that the 
cell parameters were decreased with increasing the dopant (Dy3+) amount in the α-Fe2O3 crystal structure. 
The average particles sizes estimated from TEM images for S3 were about 60 nm. Besides, the magnetic 
properties of S1 and S3 were measured by vibrating sample magnetometer (VSM). It was found that with the 
addition of Dy3+ ions into the Fe2O3 system, the coercivity was decreased and the remanent magnetization 
was abruptly increased. The influence of dysprosium addition was also studied using electrochemical 
impedance spectroscopy. This study showed that in the presence of dysprosium ion, the charge transfer 
resistant increased in the electrochemical process.

Keywords: Combustion synthesis; Electrochemical impedance spectroscopy; Magnetic property; Nano-structure  
                    characterization; X-ray powder diffraction.

INTRODUCTION
Iron oxides are semiconductor materials 

mainly in forms of hematite (α-Fe2O3), maghemite 
(γ-Fe2O3), and magnetite (Fe2O3) [1]. Hematite 
(α-Fe2O3) with n-type semiconducting property 
is the most stable form of iron oxide found 
in nature. α-Fe2O3 exhibits high resistance to 
corrosion; therefore, it has been extensively used 
in many fields which include photo-anode for 
photo assisted electrolysis of water. It is an active 
component of catalysis, pigments, sorbents, 
magnetism, gas sensors, clinical therapy, lithium 
ion battery and oxidizer in thermite composition. 
It is also used in magnetic fluids, also called 

ferrofluids, for damping in inertial motors, shock 
absorbers, heat transfer fluids, etc. [2–7]. Different 
allotropes of iron oxide show semiconducting 
properties [1]. Hematite (α-Fe2O3) is an n-type 
semiconductor and is the most stable form of iron 
oxide found in nature. Fe2O3 nanomaterials have 
received great attention due to their remarkable 
properties in experimental fields such as catalysis, 
pigments, sorbents, magnetism, gas sensors, 
clinical therapy and etc. [2–7]. Their properties 
can be controlled by changing the crystallite size, 
synthesis techniques, surface to volume ratio, 
and also by changing the growth temperature 
[8, 9]. Synthesis of Fe2O3 nanomaterials from 
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Fe containing complexes, have been previously 
reported. However, the type of the complex has 
a main factor on the properties of the obtained 
materials. 

The use of metal complexes as precursors 
may be useful to manipulate the purity and 
morphology of the obtained nanomaterials 
[10]. Several methods have been reported for 
the synthesis of Fe2O3 nanomaterials, including 
solvothermal method, sol-gel synthesis, chemical 
vapor deposition and etc. [11-16]. Combustion 
synthesis has been reported as a new, simple, 
inexpensive and rapid method, which allows 
effective production in industrial scales [17, 18]. 
Several metal ions have been previously doped 
into the α-Fe2O3 lattice including Al [19], Mo [20], 
Cr [20], Ti [21], Si [21, 22], Zn [23] and Nd [24]. 
Dysprosium (III) oxide (Dy2O3) is another potential 
candidate. 

It is a highly insoluble and thermally stable 
material with high resistivity, large energy band, 
and high dielectric constant. Dy2O3, as well as 
numerous other functional materials based on 
dysprosium oxides, have been developed for a 
variety of applications. For instance, Dy2O3 is used 
as a photoluminescent and thermoluminescent 
material [25]. Dy2O3-based memory devices have 
shown excellent resistive switching behaviors. 
It has also shown the potential for application in 
magnetic resonance imaging (MRI) contrast agents 
in high magnetic fields owing to its excellent 
relaxation and relaxometric properties [26]. 
Because of the above mentioned descriptions, 
we decided to use Dy3+ as a dopant into Fe2O3 
crystal system. Besides, there is no report on the 
synthesis of Dy3+ doped Fe2O3, and the influence 
of f-block elements on its crystals properties have 
been ignored. 

In this study, Fe(acac)3 was used as the 
precursor to produce nanostructured α-Fe2O3 by 
a simple combustion synthesis method (Fig. 1.). 
To the best of our knowledge, there is no report 
on the synthesis of the target by these reaction 
conditions. Furthermore, doping of Dy3+ into the 
Fe2O3 crystal structure is reported for the first 
time by the substitution route. The effect of the 
lanthanide dopant on the physical properties such 
as particle size and morphology, crystallite size, 
and optical properties is reported for the first 
time. The effect of different concentrations of Dy3+ 
doping was investigated on the magnetic property 
of the pure and doped α-Fe2O3 materials.

EXPERIMENTAL
Materials and physical measurements

Analytical grade chemicals and solvents were 
purchased from commercial sources and used 
without further purification. FT-IR spectra were 
obtained as KBr plates on a FT-IR SHIMADZU 
spectrophotometer in the 400–4000 cm-1 range. 
PXRD patterns were recorded on a Bruker AXS 
diffractometer D8 ADVANCE with Cu-Kα radiation 
with nickel beta filter in the 2θ range of 30-80o. 
The TEM images were obtained from a JEOL JEM 
1400 transmission electron microscope with an 
accelerating voltage of 120 kV and the SEM images 
were collected by a Philips XL-30 FESEM. Also, 
magnetic measurements were carried out with a 
vibrating sampling magnetometer (VSM, Model 
7400- LakeShore).

Preparation of Fe2O3 nanoparticles
Fe(acac)3 was synthesized relevant to the 

general synthetic method in the literature [27].  
For the synthesis of α-Fe2O3, the certain amount 
of the complex from the previous step was loaded 
into a crucible and then moved into the furnace. 
Nanoparticles of α-Fe2O3 were synthesized at 700 
ºC after 8 h (S1). The yield was about 90%.

Preparation of Fe2-x DyxO3 nanoparticles
Three different DyxFe2-xO3 samples were 

synthesized in which x=0.01 (S2), x=0.05 (S3) 
or x=0.07 (S4).  Typically, for the synthesis of 
Dy0.01Fe1.99O3, theoretically, 0.01 mmol of Dy3+ and 
1.99 mmol of the Fe containing complex were 
loaded into a crucible and then moved into a 
preheated furnace. The reaction was performed 
at 700 °C  for 8 h. Afterwards, the furnace was 
shut down and the obtained material was allowed 
to cool to the room temperature normally. The 
resulting reddish solid was collected for further 
studies. Analysis of the PXRD patterns revealed 
that by increasing the x to 0.07 mmol, Dy2O3 was 
loaded onto the crystal lattice of α-Fe2O3 and the 
doping process was failed.  

Preparation of the electrode for electrochemical 
investigation 

Nanopowder modified carbon paste electrodes 
were prepared by hand-mixing of 0.4 g of graphite 
powder and 0.1 g of pure and doped nanomaterial 
(prepared in different times) and paraffin at a 
ratio of 70/30 (w/w) and mixed well for 50 min 
until a uniformly wetted paste was obtained. Each 
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paste was then packed into a glass tube. Electrical 
contact was made by pushing a copper wire down 
the glass tube into the back of the mixture. When 
necessary, a new surface was obtained by pushing 
an excess of the paste out of the tube and polishing 
it on a weighing paper.

RESULTS AND DISCUSSION
Powder x-ray diffraction (PXRD)

Early structural characterization of the S1, S2, 
S3 and S4 was made by powder X-ray diffraction 
technique. Fig. 2 shows the PXRD pattern of pure 
α-Fe2O3 in the 2θ range 10-90°. The structural 
analyses performed by the FullProf program, 
is shown in Fig. 3(a-c). The structural analyses 
were performed employing profile matching with 
constant scale factors. Red lines are the observed 
intensities; the black ones are the calculated data; 
the blue ones are the difference: Yobs-Ycalc and 
Bragg reflections positions are indicated by blue 

bars. No peaks of any other phases or impurities 
were detected indicating high purity of the as-
prepared α-Fe2O3 sample [27-30].

Fig. 4(a-d) shows the XRD patterns of S1 to S4. 
The XRD peaks at 2θ = 24.17°, 33.14°, 35.67°, 
40.87°, 49.52°, 54.57°, 57.59°, 62.45° and 64.01° 
are assigned to the (012), (104), (110), (113), 
(024), (116), (122), (214) and (300) crystal planes, 
respectively. The XRD patterns of the samples 
(S1-S3) reveal that all peaks correspond to the 
characteristic peaks of the hexagonal structure of 
α-Fe2O3 with space group R according to the JCPDS 
data base number: 33-0664. With increasing the 
amount of Dy3+ from S2 to S3, no additional XRD 
lines pertaining to any secondary phase were 
observed. Since the ionic radius of Dy3+ and Fe3+ 
are 0.91 and 0.65 Å, respectively, this replacement 
is compensated by the reduction in the particles 
sizes [31]. By increasing the amount of Dy3+ to 
0.07 (S4), an additional peak at 2θ = 61.67º was 

Fig. 1: Pure and Dy3+-doped α-Fe2O3 nanoparticles synthesis process.

Fig. 2: XRD patterns of iron oxide (α-Fe2O3) obtained from combustion method at 700 °C for 8 h and JCPDS 33-0664 (inset).
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Fig. 2: XRD patterns of iron oxide (α-Fe2O3) obtained from combustion method at 700 °C for 8 h and JCPDS 33-
0664 (inset). 
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observed. This additional peak is attributed to 
the excess of the Dy3+ ions which have resided 
on the surface or on the grain boundaries of the 
nanocrystals [32]. Thus, the maximum amount of 
Dy3+ in the α-Fe2O3 crystal structure is 0.05 mmol, 
theoretically. Besides, it is clear that a broad 
peak at 2θ = 20-40° is present with increasing 
the dopant amount in Fe2O3. Moreover, it shows 
that the amorphous phase formed in the material 
is increased with increasing the dopant amount. 
So, the crystalline phase amount of the material 
is decreased.

Table 1 shows the average crystallite sizes 

of S1, S2 and S3 obtained from Scherer formula  
(D = λ

θ
 )  using the peak at hkl (104). D is the 

average crystalline size, λ is the X-ray diffraction 
wavelength (0.154 nm), K is the Scherrer constant 
(0.9), B1/2 is the full-width at half-maximum 
(FWHM) of the diffraction peak and θ is the Bragg 
angle. The data mentioned in Table 1 show that 
the calculated crystallite size decreases with 
increasing the amount of dysprosium ion. 

Table 2 shows the cell parameters and phase 
growth data for pure and doped Fe2O3 obtained 
by rietveld analysis. It was found that with doping 
Dy3+ into Fe2O3, the cell parameters were nearly 

Fig. 3: Rietveld analysis of the synthesized nanomaterials.
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constant. The quantitative phase analysis was also 
investigated with direct comparison method. In 
this method, we compared the experimental line 
intensity of Fe2O3 in the pure and doped materials 
PXRD patterns. For this purpose, we chose the 
peaks with the highest intensity at about 33°. The 
phase comparison values are summarized in Table 
2. It shows that with doping Dy3+ into Fe2O3 (S2) 
the intensity of the chosen peak was decreased. 
However, when the dopant amount was increased, 
the phase growth was improved, although the 
peak intensity of S3 is still smaller than that for S1.

Morphological investigation
The morphology of the pure and doped α-Fe2O3 

was investigated by field emission scanning 
electron microscopy (FESEM) and transmission 
electron microscopy (TEM). Fig. 5(a-c) shows the 
FESEM images of S1, S2 and S3, respectively. The 
morphologies of the α-Fe2O3 nanoparticles were 

almost spherical with some pores. However, it 
was found that by doping Dy3+ (S2), the material 
morphology became spongy and there were no 
individual particles in the material. Besides, by 
increasing the dopant amount (S3), the particles 
morphologies turned into almost particle and 
there was a big bulk morphology which was 
consistent with the PXRD data explained in the 
characterization section.

Fig. 6(a, b) show the TEM images of S1 and 
S3, respectively. Besides, for obtaining the exact 
average size of particles Fig. 7 shows the average 
particle size distribution profiles of S1 and S3 
respectively. Fig. 7(a, b) show that the average 
particle sizes for S1 and S3 were about 125 and 60 
nm, respectively. So, we can conclude that doping 
has caused a decreasing in the particles sizes. It is 
in agreement with the cell parameters data and 
interplanar spacing (d) values obtained from XRD 
patterns. 

Fig. 4: XRD patterns of pure (a) and Dy3+ doped Fe2O3 in (b= 0.01, c = 0.05 and d = 0.07 mmol) obtained from 
combustion method at 700°C for 8 h.
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Table 1: Crystallite size (D) and interplanar spacing (d) data for S1, S2 and S3.
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Table 1: Crystallite size (D) and interplanar spacing (d) data for S1, S2 and S3. 

  

 S1 S2 S3 
2θ 33.1652 33.1646 33.1939 

FWHM 0.1919 0.1476 0.1919 
B1/2 0.0033476 0.0025748 0.0033476 

Cos θ 0.95840 0.95841 0.95834 
D (nm) 43 56 43 
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Fig. 5: FESEM images of a) S1, b) S2 and c) S3.

Table 2: Cell parameter data calculated from rietveld analysis.
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Table 2: Cell parameter data calculated from rietveld analysis. 
 

  

 

Sample a (Å) b (Å) Phase value 
(Intensity) RBragg RF χ 2 

S1 5.03109 13.74719 188.39 2.12 2.04 1.88 

S2 5.03085 13.72957 121.07 3.33 2.70 2.79 

S3 5.03105 13.73206 150.05 1.75 1.69 1.95 
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Fig. 5: FESEM images of a) S1, b) S2 and c) S3. 
 

  

Fig. 6:TEM images of a) S1 and b) S3.
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Previous reports show that the physical 
properties and morphology of nanomaterials 
strongly depend on the synthesis method. For 
example, it was found that the morphology of Fe2O3 
was nanotube when using thermal decomposition 
and electrospinning methods [11, 16]; while the 
nano particle morphology was achieved when 
using emulsion precipitation method. Besides, 
particle morphology was obtained for the material 
by hydrothermal method at 160 ˚C. However, in 
the method, chitosan was used as a mediate for 
the preparation of the target. Hydrothermal and 
solvothermal methods at 200 ˚C for 24h also 
created particle morphology of the target [33, 34]. 
According to the data, the reaction temperature 
and time are the main factor on the size and 
morphology of the material. The present work 
represents efficient reaction time and temperature 
factors in the synthesis of α-Fe2O3 in particle and 
sponge morphology.

Elemental map and elemental analysis diagram 
for S3 is shown in Fig. 8 (a, b), respectively. It can 
be seen from Fig. 8a that Dy, Fe and O elements 
are uniformly distributed in S3. Also, Fig. 8b shows 
the EDS elemental analysis for S3. The elemental 
analysis result shows that although the doping 
process was performed with x = 0.05 mmol of Dy3+, 
the exact amount of the ion into the crystal system 
was x = 0.015 mmol. So, the experimental formula 
of S3 is Fe1.985Dy0.015O3.

FTIR spectra
The FT-IR spectra of Fe(acac)3 complex and the 

synthesized α-Fe2O3 powder is shown in Fig. 9. 

The absorption peaks at 470 and 540 cm-1 can be 
attributed to the Fe-O stretching vibration modes 
in α-Fe2O3. These absorption peaks in the FTIR 
spectrum of α-Fe2O3 nanoparticles have shifted 
about 25 cm-1 to lower frequencies compared to 
Fe(acac)3. The absorption peaks at 3427 and 1633 
cm-1 can be assigned to the stretching vibration 
and bending vibration of OH groups of H2O in 
α-Fe2O3. The absence of the stretching vibrations 
of C-H, C-O and other organic functional groups 
is also indicative of the successful preparation of 
α-Fe2O3 nanoparticles [31]. 

Electrochemical impedance spectroscopy
The electrical conductivity effects of the 

synthesized nanoparticles were investigated using 
electrochemical impedance spectroscopy (EIS). 
Electron transfer resistance, Rct is an important 
factor for this goal. The semicircle portion at 
higher frequencies corresponded to the electron 
transfer limited process for a conductive surface 
or electroactive compound. Fig. 10 shows the 
impedance plots for (a) bare carbon paste 
electrode, (b) carbon paste electrode with S3, and 
(c) carbon paste electrode with Fe2O3 nanoparticle 
in 1.0 mM [Fe(CN)6]

3−/4− (1 : 1) solution in 0.1 M KCl. 
It is evident from the EIS data that, at a surface of 
carbon paste electrode modified with Fe2O3, the 
resistance to electron transfer was at its minimum 
value that is relative to high conductivity effect 
of Fe2O3 at the surface of the electrode. Also, 
the Rct for carbon paste electrode modified with 
S3 is higher than that of Fe2O3. This shows that 
doping of Dy3+ has reduced electrical conductivity 

Fig. 7: Average particle size distribution profiles of a) S1 and b) S3.
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Fig. 7: Average particle size distribution profiles of a) S1 and b) S3. 
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Fig. 8: a) Elemental analysis map and b) elemental analysis for S3.
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Fig. 8: Elemental analysis map (a) and elemental analysis for S3 (b). 
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Fig. 8: Elemental analysis map (a) and elemental analysis for S3 (b). 
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Fig. 9: FTIR spectrum of α-Fe2O3 nanoparticles and Fe(acac)3 complex.
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Fig. 9: FTIR spectrum of α-Fe2O3 nanoparticles and Fe(acac)3 complex. 
 

 

 

  

Fig. 10: Nyquist diagrams of 1 mM K4[Fe(CN)6] in the presence of 0.1 M KCl. (a) bare carbon paste electrode, (b) carbon paste 
electrode with Fe1.95Dy0.05O3, and (c) carbon paste electrode with Fe2O3 nanoparticle.
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carbon paste electrode with Fe1.95Dy0.05O3, and (c) carbon paste electrode with Fe2O3 nanoparticle. 

 

  
of Fe2O3 and the value of charge transfer resistance 
was increased. The present data confirm good 
electrical conductivity of Fe2O3 and Fe1.95Dy0.05O3 

Magnetization
Fig. 11 shows the magnetization curves of S1 

and S3. To understand the magnetic properties, 
samples were measured by vibrating sample 
magnetometer (VSM) according to the applied 
field (M vs. H) at room temperature.

No saturation was observed for Fe2O3 sample 

up to field strengths of 20 KG. The existence 
of hysteresis loop in Fe2O3 with the remanent 
magnetization (Mr) of 0.244 emu/g and coercivity 
(Hc) of 4312 G shows ferromagnetic behavior. 
With the addition of Dy3+ in Fe2-xDyxO3 system, 
the coercivity was decreased and the remanent 
magnetization was increased, abruptly. These 
results are summarized in Table 3. The low 
hysteresis loop and reduced coercivity are similar 
to the behavior of superparamagnetic materials, 
which correspond to the behavior of particle size 
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reduction. According to Table 3, we see that the 
samples with larger sizes have a large value of 
Hc compared to the samples with smaller size 
particles [35]. Rabanal et al. [36] have reported 
an HC value of 576 Oe for a particle size of 80 nm. 
Huang et al. [37] have reported the coercivity 
value as 165G for 10 nm particle. A comparison of 
these data indicates a direct relationship between 
coercivity and particle size. Besides, increase in 
the amount of the remnant magnetization can be 

attributed to an increase in Dy3+ that is a magnet 
combination.
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CONCLUSIONS
In this work, combustion synthesis method was 

employed for preparing pure α-Fe2O3 and Dy3+-
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Table 3: Remanent magnetization (Mr) and coercive force (Hc) for S1 and S3. 

 

Sample -HC(G) HC(G) -Mr (emu/g) Mr(emu/g) Average particle size (nm) 

S1 4333 4312 0.246 0.244 37.85 

S3 125 109.57 0.931 1.035 37.17 

Fig. 11: Magnetization measurements at room temperature of Fe2-xDyxO3 nanostructure in x = 0.0 (a), and 0.05 Dy3+ (b).
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(b). 
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doped α-Fe2O3 nanoparticles. Nearly spherical 
nanoparticles of α-Fe2O3 was prepared by 
combustion of Fe(acac)3 complex at 700 °C for 8 h. 
The structure and morphology of the synthesized 
nanoparticles were studied. The absence of any 
organic groups or other phases indicated the high 
purity of the as-prepared α-Fe2O3 nanoparticles. 
TEM images showed that the materials had 
spherical morphology in α-Fe2O3, while, in the Fe2-

xDyxO3 two types of morphologies were detected, 
i.e. particle and spongy morphologies. Also, it 
was found that with the addition Dy3+ into the 
Fe2O3 crystal structure, the average particle size 
decreased. Magnetization measurements showed 
that with the addition of Dy3+, the coercivity was 
reduced which confirmed the superparamagnetic 
behavior. The influence of dysprosium addition on 
electrochemical process was also studied using 
electrochemical impedance spectroscopy method. 
This study showed that by increasing dysprosium, 
the charge transfer resistant in electrochemical 
process decreased.
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