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A B S T R A C T

a-FeOOH (goethite) and a-Fe2O3 (hematite) nanostructures have been successfully synthesized using

the microwave-assisted hydrothermal (MAH) method and by the rapid burning in a microwave oven of

the as-prepared goethite, respectively. The orthorhombic a-FeOOH to rhombohedrala-Fe2O3 structural

transformation was observed by X-ray diffraction (XRD) and Raman spectroscopy results. Plates-like a-

FeOOH prepared in 2 min and rounded and quasi-octahedral shaped a-Fe2O3 particles obtained in

10 min were observed using field emission gun scanning electron microscopy (FE-SEM) and

transmission electron microscopy (TEM). The use of microwave heating allowed iron oxides to be

prepared with shorter reaction times when compared to other synthesis methods. a-FeOOH nanoplates

were incorporated into graphite-composite electrodes, which presented electrocatalytic properties

towards the electrochemical oxidation of ascorbic acid in comparison with unmodified electrodes. This

result demonstrates that such a-FeOOH nanostructures are very promising chemical modifiers for the

development of improved electrochemical sensors.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past decade, there has been increasing interest in the
synthesis of metal oxides semiconductor nanomaterials with well-
controlled shapes and sizes, due to their unique chemical and
physical properties; which are helpful in a wide range of
application such as photonics, photoelectronics, sensors and
catalysis [1,2]. Iron (III) oxide has four principal polymorphs,
hematite (a-Fe2O3), maghemite (g-Fe2O3), b-Fe2O3 and e-Fe2O3;
iron (III) oxy-hydroxide also has four known as goethite (a-
FeOOH), akaganéite (b-FeOOH), lepidocrocite (g-FeOOH) and
feroxyhyte (d-FeOOH) [3]. In particular, a-Fe2O3is a significant
n-type semiconductor, Eg = 2.1 eV, with excellent chemical stabil-
ity and low toxicity under ambient conditions [4]. Among these
oxides, a-FeOOH and a-Fe2O3 have been widely investigated in
magnetic devices, catalysts, pigment production, gas sensors and
photoelectrodes [5–7].

Among the several methods of iron oxide synthesis, such as
microemulsion [8], chemical vapour deposition [9], co-precipita-
tion [10,11], solvothermal [12], hydrothermal [13–17], ultrasonic
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hydrothermal [18], and microwave irradiation [19,20], the
microwave-assisted hydrothermal (MAH) method [21–23] occu-
pies a prominent position, due to its advantages over other
synthesis processes. The hydrothermal technique has been
employed in the preparation of a-FeOOH and a-Fe2O3 powders
as an efficient low-temperature method, however the synthesis is
very slow at any temperature. Hydrothermal conditions combined
with microwave heating can increase the kinetics of crystal growth
[24] and result in the extremely rapid synthesis of micro- or nano-
scale dimensioned materials by a rate one and two increases in
magnitude [25–27]. In particular, the MAH method offers
synthesis with a short reaction time at low temperature, low
power consumption and with no air pollution [28–30]. The main
advantage over other methods of synthesis is the uniform and fast
heating of the reaction environment.

Herein, we report on the rapid preparation of the iron oxy-
hydroxide (a-FeOOH) nanostructures in aqueous solution using
the (MAH) method for 2 min without the addition of surfactants or
other additives, and of a-Fe2O3 nanoparticles by burning for
10 min of the as-prepared precursor in a domestic microwave
oven. The phase transformation was verified by X-ray diffraction
(XRD) patterns, and the samples were characterized by field
emission gun scanning electron microscopy (FE-SEM), transmission
electron microscopy (TEM), Raman spectroscopy and UV–vis absor-
bance. The a-FeOOH nanostructures obtained were incorporated
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Fig. 1. Powder X-ray diffraction patterns of (a) a-FeOOH synthesized by MAH

method and (b) a-Fe2O3 obtained from as-prepared precursor heating in

microwave oven.
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into a graphite-composite electrode and their electrocatalytic activity
was evaluated with respect to the electrochemical oxidation of
ascorbic acid.

2. Materials and methods

2.1. Synthesis of a-FeOOH and a-Fe2O3nanostructures

All chemicals reagents are of analytical grade and were used
without further treatment: 2 � 10�3 mol of Fe(NO3)3�9H2O was
dissolved in 40 mL of distilled water under vigorous stirring. Then,
2.0 mol/L KOH solution was added to adjust the pH to 12 under
constant stirring for 15 min. The suspension was transferred into a
50 mL Teflon autoclave and heated in a microwave oven at 140 8C
for 2 min. The yellowish-brown solid obtained was washed several
times with distilled water and ethanol and dried at 60 8C. Finally,
reddish-brown powders were obtained by the heating of the as-
prepared precursor in a domestic microwave oven at 350 8C for
10 min.

2.2. Characterization of samples

The powders obtained were structurally characterized by XRD
using a Shimadzu XRD 6000 (Japan) equipped with CuKa radiation
(l = 1.5406 Å), in the 2u range from 108 to 808 with a 0.028/min
scan increment. The morphology was investigated by FE-SEM
(Supra 35-VP, Carl Zeiss, Germany). Transmission electron
microscopy (TEM) images and selected-area electron diffraction
(SAED) patterns were taken on a FEI Tecnai G2F20 transmission
electron microscope with accelerating voltage of 200 kV. Raman
spectra were recorded on a RFS/100/S Bruker Fourier Transform
Raman (FT-Raman) spectrometer. The 1064 nm line of a Nd:YAG
ion laser was used as the excitation source; the power was kept at
55 mW. UV–vis spectra were recorded at room temperature on a
Cary 5G spectrophotometer fitted with an integrating sphere. The
spectra were referenced against the compressed BaSO4 powder.

2.3. Preparation of a-FeOOH-modified graphite-composite electrodes

and electrochemical measurements

a-FeOOH nanostructures were added to the pure graphite (Ø:
1–2 mm, Sigma–Aldrich, Milwaukee, USA) in the mass proportion
of 10/90 (a-FeOOH/pure graphite), and then mixed with Araldite1

epoxy adhesive (Brascola, Joinville, Brazil) and cyclohexanone
(Vetec, Rio de Janeiro, Brazil) and stirred for 24 h in order to obtain
a homogeneous graphite-composite fluid. The fluid was inserted
into a polyamide tube (1i = 7.2 mm) in which a copper wire was
previously set (electrical contact). The cure time was 24 h at room
temperature. After that, the electrode was polished with 400 and
1200 grit sand paper in the presence of water. Before the cyclic
Fig. 2. FE-SEM images of (A) a-FeOOH obtained by MAH method for 2 min and 
voltammetry measurements of ascorbic acid (Sigma–Aldrich), the
composite electrode was submitted to a cyclic voltammetry
experiment in the range of �0.4 and +0.8 V in a 0.05 mol L�1

phosphate buffer solution (pH = 7.2, K2HPO4/KH2PO4, supporting
electrolyte) at 50 mV s�1 for 40 cycles. The electrochemical
measurements were performed using a m-Autolab Type III (Eco
Chemie, Utrecht, Netherlands) controlled by GPES4.9.007 software
(General Purpose Electrochemical System). Cyclic voltammograms
measurements were performed in a conventional three-electrode
electrochemical cell (12 mL) at room temperature. The working,
counter, and reference electrodes were, respectively, iron(III) oxy-
hydroxide (a-FeOOH)-modified (or unmodified) graphite-com-
posite electrode, platinum wire, and Ag/AgCl/saturated KCl.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the powders
obtained using the MAH method followed by heating in a
microwave oven. All the diffraction peaks in Fig. 1(a) can be
indexed to orthorhombic a-FeOOH structure with lattice con-
stants, a = 4.61 Å, b = 9.95 Å and c = 3.02 Å and space group P21nm,
which are consistent with the standard card goethite, JCPDS no. 29-
0713. The sharp diffraction peaks indicate the formation of a
crystalline a-FeOOH structure obtained over 2 min using the MAH
method. When the as-prepared goethite sample was heated under
microwave radiation the rhombohedral a-Fe2O3 structure was
formed. The XRD patterns of typical a-Fe2O3 are shown in Fig. 1(b),
in which the peaks positions are according to planes indexed to the
hematite structure (JCPDS no. 33-0664). The high crystallinity of
the a-Fe2O3 sample is observed by its narrow peaks (Fig. 1(b)).
Some hematite traces are observed in this sample as indicated in
(B) a-Fe2O3 obtained by as-prepared precursor heating in microwave oven.



Table 1
Iron (III) oxide species obtained under different synthesis conditions.

Synthesis method/reaction time Product 1 Heating conditions Product 2 Ref.

Glucose-guided hydrolyzing approach/12 h a-FeOOH Conventional oven/300 8C for 1 h a-Fe2O3 [31]

Conventional hydrothermal/12 h a-FeOOH + a-Fe2O3 Conventional oven/250 8C for 30 min a-Fe2O3 [32]

Solution-based method/40 8C – until 1 h a-FeOOH Conventional oven/500 8C for 3 h a-Fe2O3 [33]

Air oxidation/not described a-FeOOH Conventional oven/275 8C for 20 min to 4 h a-Fe2O3 [34]

Microwave-hydrothermal/2 min a-FeOOH Domestic microwave oven/350 8C for 10 min a-Fe2O3 This work
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Fig. 1(a). The goethite–hematite phase transformation was
observed, indicating that the a-FeOOH precursor was totally
transformed into a-Fe2O3.

The morphology of the samples was studied by FE-SEM and
TEM. Fig. 2(a) shows the FE-SEM image of a-FeOOH prepared by
the MAH method at 140 8C. The sample is constituted of a great
quantity of homogeneous products, forming irregular plate-like
nanostructures of about 260 nm. This iron(III) oxy-hydroxide can
also be prepared by a conventional hydrothermal method and
other synthesis methods with a long reaction time, as presented in
Table 1. Herein, a-FeOOH powders with uniform nanostructures
and thin thicknesses of 50 nm were obtained in aqueous solution
for 2 min without the addition of surfactants.

The FE-SEM image (Fig. 2(b)) shows the a-Fe2O3 powders
prepared by as-prepared a-FeOOH burning in a microwave oven.
The microwave heating quickly produces a-Fe2O3 particles with a
rounded shape and with a hexagonal irregular shape, with a quasi-
octahedral shape similar to the hexagonal crystal structure of the
hematite formed. A coalescence of nano-particles can be observed
from microwave annealing. The heating of the as-prepared a-
FeOOH using a microwave is faster when compared to burning in a
conventional oven, as shown in Table 1. a-Fe2O3 powders can also
be obtained directly from the conventional hydrothermal method
with a long reaction time [35–37]. With the use of a domestic
microwave oven the a-Fe2O3 nano-size particles of about 160 nm
were obtained quickly after 10 min of heating. This occurs because
in the microwave burning process the sample is directly heated,
accelerating the formation and crystallization of the material. The
mechanism of energy transfer using a microwave process is
different from the other heating mechanisms of the three
established modes of heat transfer: conduction, convection and
radiation [38,39]. In a liquid state, the microwave-hydrothermal
combination results in the homogenous nucleation and rapid
growth of particles [40–42]. Rapid heating under certain internal
pressures produce a high mobility of dissolved ions, increasing the
Fig. 3. TEM images of (A) a-FeOOH synthesized by MAH method (inset: SAED pattern)

(inset: SAED pattern).
collision rate of particles, which leads to the rapid formation of the
compound, as shown in the a-FeOOH preparation.

TEM and selected-area electron diffraction (SAED) results
reveal the phase transformation of a-FeOOH into a-Fe2O3

nanoparticles. Fig. 3(A) displays the typical TEM image of the
as-synthesized a-FeOOH nanostructures, which indicates that the
obtained products consisted of thin plates. The SAED pattern in the
inset image of Fig. 3(A) reveals the highly crystalline nature of a-
FeOOH, which is also in agreement with the XRD results. A change
of morphology of a-FeOOH to a-Fe2O3 sample is observed in TEM
images, Fig. 3(B), as shown by FE-SEM images. The inset showing
the select area electron diffraction (SAED) pattern of the a-Fe2O3

particles indicates high crystallinity of the sample, which can be
indexed to the pure rhombohedral phase of hematite a-Fe2O3.

Raman microscopy is sensitive to structural changes and was
used to identify the goethite to hematite phase transformation, as
observed in Fig. 4. The band positions for the a-FeOOH sample are
in range 242, 298, 389, 478 and 555 cm�1, which are characteristic
of goethite structure with two strong peaks at 298 and 389 cm�1

[43], as shown in Fig. 4(a). The formation of the rhombohedral a-
Fe2O3 structurefrom the as-prepared a-FeOOH sample heated in a
microwave oven is verified in Fig. 4(b). The typical Raman peaks of
the hematite structure which belong to the D6

3d crystal space
group [44] are observed, and six phonon lines can be assigned to
the spectrum: the peaks at 224 and 498 cm�1 belong to A1g

symmetry and the other five peaks belong to Eg symmetry species
in the region 245, 294, 409, 610 cm�1 [45]. The magnitude of the
distortions into a-Fe2O3 can be sufficient to appreciably widen the
frequency ranges. The peaks in the Raman spectrum of the a-Fe2O3

powders became proportionally narrower, indicating a better
crystallized sample. The Raman spectra are in agreement with the
structural changes observed by XRD.

The UV–vis absorption spectra of the a-FeOOH and a-Fe2O3

powders are shown in Fig. 5. The UV–vis spectra of goethite and
hematite are similar and the band energies are essentially the
 and (B) a-Fe2O3 obtained from as-prepared precursor heating in microwave oven



Fig. 4. Raman spectra of nanostructures (a) a-FeOOH and (b) a-Fe2O3obtained from

as-prepareda-FeOOH.

Fig. 6. Cyclic voltammetric measurements for increasing concentrations of ascorbic

acid (1–5 mmol L�1) at (A) unmodified and (B) modified graphite-composite

electrodes with a-FeOOH nanoplates. Inset: the respective calibration curves.

Arrows indicate the increase of current signal for increasing concentrations of

ascorbic acid.
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same, as observed in Fig. 5(a) and (b). The magnetic coupling of
adjacent Fe3+ cations in the structures of these oxides is
responsible for the strong intensity of the Fe3+ ligand field
transitions [46]. The absorption bands at around 285 and
390 nm are assigned to 6A1g ! 4T1g (4P) and 6A1g ! 4E (4D) from
the ligand to metal charge-transfer transitions and contributions of
the Fe3+ ligand field transitions. The strong absorption in the region
near to 535 nm is attributed to overlapped contributions of 6A1g!
4Eg, 4A1g (4G) ligand field transitions [47]. The colour variation of
yellowish-brown goethite and reddish-brown hematite phase
results from the higher energy Fe3+ ligand field transitions and
Fe3+–Fe3+ pair transitions via the magnetic coupling of neighbour-
ing Fe3+ions.

Fig. 6 presents the cyclic voltammetric measurements for the
electrochemical oxidation of ascorbic acid at (A) unmodified and
(B) modified graphite-composite electrodes with a-FeOOH nano-
plates and their respective calibration curves (inset).

The cyclic voltammetry recordings (A) revealed an oxidation
peak starting at 150 mV, attributed to the electrochemical oxidation
of ascorbic acid at the unmodified graphite-composite electrode.
The electrochemical oxidation of ascorbic acid at the modified
electrode (B) is anticipated (150 mV), occurring at 0 mV. In addition,
a substantial current increase (compared to the unmodified
electrode) was verified. The calibration curves obtained for ascorbic
acid using the cyclic voltammetry data clearly indicate the higher
sensitivity (slopes for A and B were 1.980 and 5.421 mA L mmol�1,
respectively) of the modified electrode (around 3-fold).
Fig. 5. UV–vis spectra of nanostructures (a) a-FeOOH and (b) a-Fe2O3.
The cyclic voltammetry recordings demonstrated that the
modified graphite-composite electrode containing a-FeOOH
nanostructures improved the electrochemical response to ascorbic
acid. The lowered oxidative potential (150 mV) and significant
current increase may be related to the electrocatalytic properties of
a-FeOOH nanostructures. a-FeOOH acts as a mediator for the
electrochemical oxidation of ascorbic acid [48]. Fe(III) at the
surface of the modified electrode is reduced to Fe(II) by ascorbic
acid, which is then oxidized forming dehydroascorbic acid. As long
as the potential is swept to positive values, Fe(II) is re-oxidized to
Fe(III), and then the electrode surface of the modified electrode is
regenerated. The electrochemical oxidation of ascorbic acid at
modified graphite-composite electrodes with a-Fe2O3 nanoparti-
cles was also investigated (voltammograms not shown). It was also
observed a similar decrease in the oxidation potential (150 mV) to
ascorbic acid; however, there was no current increase in
comparison with unmodified graphite-composite electrodes.
Probably, the morphology and size of both nanostructures play
key role on the enhancement of oxidation current verified at the
modified graphite-composite electrodes with a-FeOOH nano-
plates.

Modified electrodes with a copolymer of aniline with Fe(III)-
porphyrin [49] and with single-walled carbon nanotubes contain-
ing Fe2O3 nanoparticles [50] did not present similar responses to
ascorbic acid as presented by the modified-electrode proposed.
Graphite-composite electrodes modified with such a nanostruc-
tured material are under investigation in the electrochemical
oxidation and reduction of other analytes due to its promising
electrocatalytic properties.

4. Conclusions

Microwave heating has demonstrated to be an appropriate and
environmentally friendly process in the quick preparation of
iron(III) oxide and oxy-hydroxide crystalline nanostructures. The
complete transformation of the goethite to hematite phases in a
short reaction time was observed and characterized by DRX and
Raman techniques. Nano-plates and rounded nanoparticles were
revealed by FE-SEM images. The UV–vis spectra of both oxides
show bands corresponding to the Fe3+ ligand field and ligand-to-
metal charge-transfer transitions and the very intense Fe3+ ligand
field and Fe3+–Fe3+ pair transitions responsible for the colour
variation in the species. FE-SEM illustrated the plates-like



J.Z. Marinho et al. / Materials Research Bulletin 49 (2014) 572–576576
morphology a-Fe2O3 and a-FeOOH. The graphite-composite
electrode modified with a-FeOOH nanostructures provided
improved electrochemical responses (higher current and lower
oxidative potential) towards ascorbic acid, which can be attributed
to the electroatalytic properties of the a-FeOOH nanostructures.
Such nanostructured chemical modifiers offer great promise in the
development of improved electrochemical sensors.
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