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Abstract

Fe-based materials, Fe2O3, Fe3O4, and FeOOH, were synthesized by the microwave–hydrothermal process in the temperature range of 100–
200 1C and under very short reaction times of 15 min to 2 h. Under microwave-controlled hydrolysis and redox reactions, cube-like Fe2O3 was
crystallized using FeCl3, Fe3O4 particles were crystallized from FeCl2 and FeOOH nanorods were crystallized using FeCl3. The Fe-based
materials were fabricated to make anodes and cathodes of lithium-ion battery and supercapacitor electrode materials to study their potential
electrochemical applications. The electrochemical results showed that FeOOH had better anode capacity as lithium-ion batteries than those of
Fe2O3 and Fe3O4. The present results suggest that the microwave–hydrothermally synthesized Fe-based materials are promising lithium-ion
battery anode materials.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Materials synthesis and processing by environmentally
benign or green chemical approaches using earth abundant
materials is one of the keys to reduce environmental damage
and energy consumption [1–4]. The microwave-assisted and
microwave–hydrothermal processes have been touted as
greener, faster, cheaper and better than conventional methods
for materials synthesis starting as early as 1985 by Komarne-
ni's group [5–7]. Materials synthesis obviously is the initial
process to study the performance of as-obtained materials with
a good understanding of the chemical properties of materials,
reaction reagents and solvents [8–10]. In addition, the perfor-
mances and functions of materials can be controlled by
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inherent properties, such as band gap, hardness, crystal
structure, and electronegativity etc. [11–15]. Iron (Fe) is an
important earth abundant chemical element and commonly
exists as þ2 and þ3 oxidation states in solution. The common
iron–oxygen compounds are Fe2O3, FeOOH, Fe3O4 and FeO.
Fe-based materials can be synthesized by controlling the
valence state of the soluble iron salts of Fe3þ and Fe2þ ions
in solid or solution phases. For example, Mn-based materials
of different phases, structures and sizes have been formed
by controlling the chemical reactions of Mn2þ and Mn7þ

[16–19]. The chemical reaction controlled synthesis is a
promising and powerful route to crystallize transition metal
oxide nano/micromaterials [20–22].
Iron oxides are potential electrode materials as lithium-ion

batteries and supercapacitors owing to their low cost and low
toxicity [23,24]. Various synthesis methods have been used to
grow iron oxides with different structures, phase, and sizes,
and their electrochemical performances have been evaluated as
ghts reserved.
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Fig. 1. XRD patterns of (a) magnetite, Fe3O4 and trace amount of Fe metal
prepared at 150 1C/15 min and (b) Fe3O4 prepared at 100 1C/15 min using the
M–H process.

Fig. 2. XRD patterns of (a) hematite, Fe2O3 prepared at 150 1C/2 h, (b)
akaganeite, FeOOH prepared at 125 1C/2 h and (c) akaganeite, FeOOH
prepared at 100 1C/2 h using the M–H process.

Table 1
Capacities of obtained products as lithium-ion battery anodes.

Sample
no.

Phase Microwave–
hydrothermal
condition

Anode capacity (mAh/g)

1st 2nd 10th 20th 30th

1 Fe3O4 150 1C 15 min 1136.2 666.8 153.7 98.6 76.2
2 Fe3O4 100 1C 15 min 1056.4 1008.6 163.7 78.6 53.7
3 Fe2O3 150 1C 2 h 1063.2 725.8 158.8 105.4 81.8
4 FeOOH 125 1C 2 h 243.9 446.7 178.3 233.6 182.1
5 FeOOH 100 1C 2 h 1328.3 757.8 321.5 208.8 163.4
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electrode materials. The microwave–hydrothermal process is
potentially advantageous for the synthesis of iron oxide
materials because it can dramatically reduce the reaction time
from several hours or even days down to 30 min while
controlling the morphology to produce narrow size distribution
of particles with high purity [5–7]. Recently, We reported
microwave�hydrothermal process to crystallize polymorphs
of MnO2 such as α-, β-, and γ-phase samples with the plate-,
rod-, and wire-like shapes by controlling the oxidation–
reduction reactions in MnCl2–KMnO4 aqueous solution
system [7].

Herein, we report the synthesis of Fe-based oxide materials
of Fe2O3, Fe3O4, and FeOOH by the microwave–hydrothermal
process using short reaction times (15 min to 2 h). Cube-like
Fe2O3, FeOOH nanorods and Fe3O4 particles were crystallized
by the controllable hydrolysis and redox reactions of FeCl3
or FeCl2. The Fe-based materials were processed to make
anodes and cathodes of lithium-ion battery and supercapacitor
to study their potential electrochemical applications. The
electrochemical measurement results showed that FeOOH
had better anodes capacity as lithium-ion battery than that of
either Fe2O3 or Fe3O4. The microwave–hydrothermally
synthesized Fe-based materials are shown below as promising
lithium-ion battery anode and supercapacitor materials.

2. Experimental

2.1. Synthesis

One Fe2O3 (hematite) sample was synthesized by the
microwave–hydrothermal (M–H) process at 150 1C for 2 h
using 0.09 M FeCl3 solution in 0.01 M HCl. Two FeOOH
(akaganeite) samples were prepared using the M–H process at
100 1C or 125 1C for 2 h using 0.09 M FeCl3 solution in
0.01 M HCl. Two Fe3O4 (magnetite) samples were also
prepared using the M–H process as follows: 0.016 mol of
FeCl2 was dissolved in 25 ml of ethanol in a Teflon vessel.
Then 0.064 mol of NaOH was dissolved in 10 ml of deionized
water. Under stirring, the NaOH solution was added to the
FeCl2 solution. The precursor was treated at 100 1C or 125 1C
for 15 min under the M–H method [25]. The resultant solid
reaction products were collected and washed several times
with deionized water and ethanol to remove any soluble
species by centrifugation. MARS-5 equipment was used to
conduct the microwave–hydrothermal experiments in Teflon
vessels. The temperature of treatment was precisely measured
by an optical probe.

2.2. Characterization

The prepared samples were characterized by powder X-ray
diffraction (XRD) for phase detection. Powder XRD patterns
were obtained on a PANalyticalX’Pert MPD diffractometer
operated at 45 kV voltage and 40 mA current with a PIXcel
detector and using Cu Kα radiation. Field-emission scanning
electron microscope (FESEM, Hitachi-S4800) was used to
determine the particle size and shape of synthesized materials.

2.3. Lithium-ion battery

The working electrodes were prepared by mixing each active
material, acetyleneblack, and polyvinylidene fluoride (PVDF) in



Fig.3. SEM images of as-obtained Fe-based products under M–H conditions. (a and b) Fe3O4, (c) Fe2O3, (d and e) FeOOH.
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a weight ratio of 80:10:10. The mixtures were slurried with
N-methyl-2-pyrrolidone, and pasted onto aluminum foil as
cathodes and copper foil as anodes. The typical loading weight
of active materials on each electrode is about 2–3 mg. For the
electrochemical properties, coin cells (CR2025) were fabricated
using lithium metal as the counter and reference electrodes. 1 M
LiPF6 in ethylene carbonate/dimethyl carbonate/diethyl carbo-
nate (EC/DMC/DEC, 1:1:1 vol%) served as the electrolyte.
A galvanostatic cycling test of the assembled half-cells was
conducted on a LAND CT2001A system.
2.4. Supercapacitors

Working electrodes were prepared by pressing a mixture of
each sample, acetylene black, and polyvinylidene fluoride
(PVDF) in a weight ratio of 80:10:10 on porous nickel foil.
The typical loading weight of active materials on each
electrode is about 1–2 mg. All experiments were performed
in a three-electrode open beaker cell in 1 M LiNO3 or 1 M
Li2SO4 under normal atmosphere. The samples/nickel foam
was used as the working electrode, saturated calomelelectrode
(SCE) as the reference electrode, and the Pt wire as a counter
electrode. The cyclic voltammetry (CV), and galvanostatic
charge–discharge measurements were carried out by an elec-
trochemical workstation (CHI 660D).
3. Results and discussion

The XRD patterns of the as-obtained products after the M–H
synthesis are shown in Figs. 1 and 2. Fig. 1 shows well
crystallized magnetite (Fe3O4) at 1001C as well as 150 1C after
the M–H treatment for just 15 min (Table 1). Hematite (Fe2O3)
was crystallized at 150 1C after the M–H treatment for 2 h
(Fig. 2, Table 1). Akaganeite (FeOOH) was crystallized at
100 1C as well as 125 1C after the M–H treatment for 2 h
(Fig. 2, Table 1).
Fig. 3 shows SEM images of as-obtained Fe3O4, Fe2O3 and

FeOOH. Fig. 3a shows that the less crystallized Fe3O4 particles
at 100 1C for 15 min have different sizes and poorly developed
faces while the well crystallized Fe3O4 particles at 150 1C for
15 min have different sizes and well-developed faces (Fig. 3b).
Fe2O3 crystals were synthesized by the M–H route at 150 1C
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Fig. 4. Galvanostatic charge–discharge curves and cycling performances of Fe-based materials as lithium-ion battery anodes at current density of 100 mA/g. (a)
Fe3O4 prepared at 150 1C/15 min, (b) Fe3O4 prepared at 100 1C/15 min, (c) Fe2O3 prepared at 150 1C/2 h.
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for 2 h, and they have regular cube-like structures. FeOOH
crystals were synthesized by the M–H route at 100 and 125 1C
for 2 h, and both of them have nanorod morphologies.

To test their applicability, the electrochemical performances
of lithium-ion batteries and supercapacitors were evaluated.
The electrochemical performances of Fe-based materials as
lithium-ion battery anodes are shown in Figs. 4 and 5 and
Table 1. Figs. 4 and 5 show galvanostatic charge–discharge
curves and cycling performances of Fe-based materials as
lithium-ion battery anodes at a current density of 100 mA/g.
The first discharge potential plateaus of Fe3O4 and Fe2O3 are
less than 1 V (vs. Liþ /Li), while the second discharge
potential plateaus are larger than 1 V. The discharge potential
plateau indicated the conversion reaction of Fe-based electrode
between iron oxide and metal Fe. The rise of redox potentials
after the first lithiation is attributed to an increase in kinetics,
which is due to the decrease in particle size of iron oxides.
Fe3O4 and Fe2O3 showed similar charge–discharge curves,
which indicated similar conversion reaction. The conversion
reactions of Fe3O4 and Fe2O3 materials occurred during
electrochemical processes, which can be represented as follow-
ing equations:

Fe2O3þ6Liþþ6e�-2Feþ3Li2O (1)

Fe3O4þ8Liþþ8e�-3Feþ4Li2O (2)

FeOOH electrodes show different discharge potential pla-
teaus, which suggested that the conversion reaction of FeOOH
was different. The long voltage plateau of the first discharge
curve at 0.5 V corresponds to the reduction of Fe3þ to Fe. The
small plateau at 1.5 V in the first cycle can be attributed to the
lithium intercalation before reduction reaction. FeOOH is
reduced into nanoparticles of metallic Fe embedded in the
amorphous matrix of Li2O and LiOH in the first discharge. The
subsequent cyclings are redox reactions between metallic Fe
and Fe2O3 clusters [26].
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Fig. 5. Galvanostatic charge–discharge curves and cycling performances of FeOOH samples as lithium-ion battery anodes at current density of 100 mA/g. (a)
FeOOH prepared at 125 1C/2 h, and (b) FeOOH prepared at 100 1C/2 h.
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Fig. 6. Galvanostatic charge–discharge curves of Fe-based samples as lithium-ion battery cathodes at current density of 50 mA/g. (a) Fe2O3 prepared at 150 1C/2 h,
(a) FeOOH prepared at 125 1C/2 h, (b) FeOOH prepared at 100 1C/2 h.
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1st discharge process

FeOOHþ3Liþþ3e�-FeþLi2OþLiOH (3)
Subsequent cycling

2Feþ3Li2O2Fe2O3þ6Liþ þ6e� (4)
It should be noted that a large capacity loss existed in all Fe-
based electrodes. The occurrence of irreversible redox reaction
was probably the cause for the above large capacity loss [26–
28]. The capacity of FeOOH is larger than those of Fe3O4 and
Fe2O3 electrodes. In this reaction system, the morphology of
FeOOH is 1D nanorod structure, which can favor the transfer
of Liþ and electron within 1D path during electrochemical
reactions. Therefore, FeOOH electrodes can show better
capacity and cycling stability (Fig. 5 and Table 1).
Table 2
Capacities of obtained products as lithium-ion battery cathodes.

Sample no. Cathode capacity (mAh/g)

1st 2nd 10th 20th 30th

1 1 0.9 0.7 0.7 0.7
2 1.6 1.4 1.2 1.2 1.1
3 2.8 3 3.3 3.3 3.2
4 3.5 3.3 4.8 – –

5 11.2 9.9 8.2 7.8 7.7
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Fig. 7. CV curves at the scan rate of 10 mV/s and galvanostatic charge–discharge
LiNO3. (a) Fe3O4 prepared at 150 1C/15 min, and (b) Fe3O4 prepared at 100 1C/15
Fe-based materials were also used as lithium-ion battery
cathodes and their electrochemical performances are shown
in Fig. 6 and Table 2. The capacities of Fe-based materials
were less than 10 mAh/g. The capacity of FeOOH as lithium-
ion battery cathodes was larger than those of Fe3O4 or Fe2O3

electrodes. These results prove that the as-synthesized
Fe3O4, Fe2O3 and FeOOH materials cannot show electro-
chemically high activity at potential range of 3–4.5 V (vs.
Liþ /Li).
Furthermore, the electrochemical performances of Fe3O4,

Fe2O3 and FeOOH materials were measured as supercapacitors
in 1 M Li2SO4 or LiNO3 electrolyte. Figs. 7 and 8 show CV
curves at the scan rate of 10 mV/s and galvanostatic charge–
discharge curves at the current density of 1 A/g of Fe-based
materials. CV curves exhibited redox peaks, which indicated
the pseudocapacitance of Fe-based materials. The value of
the specific capacitance was obtained from the charge–dis-
charge cycling measurements according to the following
equation [7]:

SC¼ IΔt
mΔE

ð5Þ

where I is the current used for charge/discharge in A, Δt is the
time elapsed for the discharge cycle in s, m is the mass of the
active electrode material in g, and ΔE is the voltage interval of
the charge or discharge in V. The specific capacitances of Fe-
based materials are shown in Table 3. The FeOOH electrodes
showed the highest value of 14 F/g. FeOOH electrodes showed
better electrochemical performance as lithium-ion battery
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min.



0.0 0.2 0.4 0.6 0.8 1.0

-0.0006

-0.0004

-0.0002

0.0000

0.0002

0.0004

0.0006

0.0008

C
ur

re
nt

 (A
)

Potential (V vs. SCE)
0 5 10 15 20

0.0

0.2

0.4

0.6

0.8

1.0

1.2

P
ot

en
tia

l (
V

 v
s.

 S
C

E
)

Time (s)

0.0 0.2 0.4 0.6 0.8 1.0

-0.0005

0.0000

0.0005

0.0010

C
ur

re
nt

 (A
)

Potential (V vs. SCE)
0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

P
ot

en
tia

l (
V

 v
s.

 S
C

E
)

Time (s)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-0.001

0.000

0.001

0.002

0.003

C
ur

re
nt

 (A
)

Potential (V vs. SCE)
0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

P
ot

en
tia

l (
V

 v
s.

 S
C

E
)

Time (s)

Fig. 8. CV curves at the scan rate of 10 mV/s and galvanostatic charge–discharge curves at the current density of 1 A/g of samples as supercapacitors in 1 M
Li2SO4. (a) Fe2O3 prepared at 150 1C/2 h, (b) FeOOH prepared at 125 1C/2 h and (c) FeOOH prepared at 100 1C/2 h using the M–H process.

Table 3
Specific capacitances of supercapacitors.

Sample no. Specific capacitance (F/g) at current
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anode, cathode and supercapacitors than those of Fe2O3 and
Fe3O4. This is probably because of FeOOH nanorod morphol-
ogy, which can favor the electrochemical reactions.
density of 1 A/g for potential window of 1.0 V

1 2
2 6 (1.2 V)
3 9
4 14
5 11
4. Conclusions

In summary, Fe-based oxide materials, Fe2O3, Fe3O4, and
FeOOH, were synthesized by microwave–hydrothermal route
at short reaction times of 15 min to 2 h. Cube-like Fe2O3,
FeOOH nanorods and Fe3O4 particles were crystallized
by controlling the hydrolysis and redox reactions of single
FeCl3 or FeCl2 aqueous solutions at different reaction tem-
peratures and reaction times. The Fe-based materials were
tested for anodes and cathodes of lithium-ion battery and as
supercapacitors electrode materials to study their potential
electrochemical applications. The electrochemical results prove
that FeOOH showed better anodes capacity as lithium-ion battery
than that of Fe2O3 or Fe3O4. The microwave–hydrothermally
synthesized Fe-based materials are promising lithium-ion battery
anode materials.
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