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In the present work, a method combining arc plasma evaporation of a metal followed by oxidation in air was developed to produce
nanosized metal oxide based composites in large scale. As an example, Fe,O, based nanocomposites were prepared through such a
method. With increasing the oxidation temperature, «-Fe,O; content in the composites increases, while y-Fe, O, and residual «-Fe
contents decrease. As anode materials for lithium batteries, the electrochemical properties of nanosized Fe,O, composites were
tested. It was found that the anode materials changed to tiny crystallites and then followed by grain growth during the galvanostatic
charge/discharge cycles. A capacity rising was observed for the composites obtained at 400°C and 450°C, which was more prominent
with increasing the oxidation temperature. Among these composites, the one obtained at 450°C showed the best performance: a
specific capacity of 507.6 mAh/g remained after 150 cycles at a current density of 200 mA/g, much higher than that of the commercial

nano-Fe,O; powder (~180 mAh/g after 30 cycles).

1. Introduction

Nowadays, along with the rapid growing consumption of
energy, efficient and advanced electrochemical energy con-
version and storage devices become more and more impor-
tant in our daily life. Lithium-ion battery, as a kind of
rechargeable battery with many outstanding features, is
essential for the development of modern products, such as
portable electronic devices and electric vehicles. Current
commercial lithium-ion batteries (LIBs) use graphite as
anode material, which has a theoretical capacity of only
372mAh/g. Such a capacity is insufficient for many appli-
cations. To improve the storage capacity, alternative anode
materials are highly desired [1-6].

In the past decades, enormous efforts have been taken
to develop new anode materials other than graphite, such as
carbon based materials, Si based materials, and metal oxides.
Iron oxide, as one of the transition metal oxides, has attracted
much attention due to its high theoretical capacity up to

1007 mAh/g, nontoxicity, and good corrosion resistance in
electrolyte [7-9]. However, despite these appealing features,
iron oxides often suffer from poor capacity retention and
cycling stability due to their intrinsical hysteresis, drastic vol-
ume change (~96%), and low electrical conductivity during
the charge/discharge process. To solve these problems, iron
oxide based composites with different nanostructures and
additives were developed and tested in Li-ion batteries [3].
In recent years, it is observed that iron oxide composites con-
taining either carbon based or other metal oxides based addi-
tives have outstanding charge/discharge performances. For
instance, Cho et al. [10] synthesized nanostructured Fe,O5-
carbon nanofibers by combining the Kirkendall effect with
the electrospinning method that exhibited enhanced struc-
tural stability during long-term cycling. Following an unusual
route, Zhu and coworkers [11] prepared a kind of reduced
graphene oxide/Fe,0; composite, which showed good
cycling performance and rate capability as anode material
in the lithium-ion battery. Similar iron oxide composites
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FIGURE 1: Schematic illustration of the preparation of Fe,O, based nanocomposites.

containing carbon based materials had also been reported, for
example, carbon-coated a-Fe,O; [12], carbon-encapsulated
Fe;O, [13], graphene-wrapped Fe;O, [14], and «-Fe,O;
nanoparticle-loaded carbon nanofiber composites [9]. The
metal oxide based Fe,O,; composites have also been used as
high-performance anode materials including Fe,05;/Co;0,
[15], Fe,O5/B3-MnO, [8], Fe,05/Sn0, [16], and Fe,05/TiO,
[17-19]. Although Fe,O; itself as anode material has some
intrinsic disadvantages relative to the composites of Fe,O;,
pure Fe,O; having special nanostructures, such as hollow
spheres [20], nanofibers [21], nanoflakes [22], nanorods [23-
26], and mesoporous structures [7, 27-29], show outstanding
performances. These nanostructures help to improve the
thermodynamics and kinetics properties of Fe,O; based
materials as anode of LIBs. Nevertheless, it is still a challenge
for material scientists to produce such qualified anodic
materials in large scale and low cost. Therefore, it is necessary
to develop efficient approaches for preparing Fe oxides based
anode materials.

In contrast to conventional method to obtain Fe,O,
through the precursors of FeOOH or Fe(OH); (FeOOH/
Fe(OH); — Fe,0; + H,0), the present work focused on
a new processing route through direct oxidation of the
nanosized iron powders (Fe + O, — Fe,0;). Such a method
can also be employed to produce other kinds of metal/
alloy oxides in large scale. Another goal of this study is
to understand the structural changes and electrochemical
properties of Fe,O; as the anode material of LIBs during
charge/discharge processes.

2. Materials and Methods

2.1. Materials. Reduced iron powders and sodium alginate
were purchased from Aladdin. Button-type cell (2032),
lithium foil, separator, and the electrolyte (1M LiPF6 dis-
solved in a mixture solvent of ethylene carbonate (EC),
dimethyl carbonate (DMC), and diethyl carbonate (DEC) ina
volume ratio of 1:1:1) were purchased from Shenzhen Kejing
Co. (China).

2.2. Preparation of Fe,O; Based Nanocomposites. The proce-
dure of producing Fe, O based nanocomposites is schemati-
cally shown in Figure 1.

2.2.1. The Preparation of Iron Nanopowders via DC Arc Plasma
Evaporation Method [30, 31]. The starting materials were
reduced iron powders with a particle size of about 150 ym.
These powders were compressed at room temperature to form
cylinders with 10 mm in diameter and 15 mm in height by a

uniaxial compressor under a pressure of 12 MPa for 2 minutes.
Then the bulk specimens were put into the reaction chamber
under a mixture of 55kPa Ar and 35kPa H, gas after the
chamber was evacuated to below 5 x 107> Pa. The current
was set as 150 A for the arc evaporation process. After the
evaporation, the reaction chamber was cooled down to room
temperature followed by the addition of more air until the
pressure went up to 100 kPa. Then the nanosized iron powders
were passivated for 6h to form a thin oxide layer on the
nanoparticles and prevent spontaneous burning in air.

2.2.2. The Oxidation of Iron Nanopowders. The nanosized
Fe,0; based composites were prepared by heating the iron
nanopowders in a Muffle furnace at 250°C, 350°C, 400°C,
and 450°C in air for 2 h. These composite samples are named
as sample Fe,0;-250, sample Fe,0;-350, sample Fe,O5-
400, and sample Fe,0;-450 according to their oxidation
temperatures.

2.3. Characterizations. X-ray diffraction (XRD) measure-
ments were performed on an apparatus (Rigaku, D/max
2550 VL/PCX) equipped with a Cu-Ka radiation source in
the 26 range from 10° to 90°. A field-emission transmission
electron microscope (TEM, JEM 2100F) was used to acquire
the microstructures and the details about crystal lattice of
different phases in samples.

2.4. Cell Preparation and Electrochemical Measurements. The
electrochemical properties of the Fe,O; based composites
were studied by assembling a button-type cell (2032) in an
argon-filled glove box with both water and oxygen concentra-
tion less than 1.7 ppm. The working electrodes were prepared
by mixing the active materials, acetylene black and binder
(sodium alginate) [32], in a weight ratio of 8:1:1, which
were then coated on copper foils followed by drying under
vacuum at 60°C for 6 hours to remove the solvent (water).
The density of active material was around 1.3-1.6 g/cm®. The
lithium foil was used as both counter electrode and refer-
ence electrode, and the separator was Celgard 2400. The elec-
trolyte was 1 M LiPF dissolved in a mixture solvent of ethy-
lene carbonate (EC), dimethyl carbonate (DMC), and diethyl
carbonate (DEC) in a volume ratio of 1:1:1. The properties
of cyclic voltammetry (CV) and galvanostatic charge/dis-
charge cycling were tested. The CV curves were acquired
using an electrochemical workstation (CHI 660E) at the
scanning rate of 0.ImV/s with a potential range of 0.01-
3 V. The galvanostatic charge/discharge measurements were
carried out using a lithium battery cycler (LAND CT-2001A)
at the current density of 200 mA/g with a cut-off potential
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FIGURE 2: XRD patterns of Fe,O, based nanocomposites obtained
at different temperatures.

window of 0.01-3 V. All these electrochemical measurements
were conducted at ambient temperature.

3. Results and Discussions

3.1 Structural and Morphological Analyses of Fe,O; Based
Nanocomposites. The XRD patterns of Fe,O; based nano-
composites are shown in Figure 2. At 250°C, the composites
contain «-Fe, a-Fe,0;, and y-Fe,O;. The strongest peak
belongs to «-Fe, indicating that the main phase in this
composite is iron. With increasing the temperature, the
intensity of a-Fe and y-Fe, O, peaks decreases while intensity
of peaks corresponding to a-Fe,O, increases, indicating
an increasing content of a-Fe,O; phase in the composite
with the increasing temperature. When temperature reaches
450°C, a-Fe and y-Fe,0; almost disappear, as displayed in
Figure 2. The PDF cards used above are JCPDS number 33-
0664 for a-Fe,O; (hematite), JCPDS number 39-1346 for y-
Fe,O; (maghemite), and JCPDS number 65-4899 for a-Fe.

The typical microstructure of the iron nanopowders
prepared by DC Arc plasma method is shown in Figure 3(a). It
can be seen that the iron nanoparticles with their size ranging
from 20nm to 300nm form “nanochains.” After heating
in air, the iron nanopowders were oxidized and aggregated
together. The morphology has changed somehow greatly due
to the oxidation induced structure and volume changes. This
can be confirmed by TEM images of Figures 3(b), 3(d), 3(f),
and 3(h), which show the powders oxidized at 250°C, 350°C,
400°C, and 450°C, respectively. As seen in the high resolution
TEM images of different samples, such as sample Fe,05-250
(Figure 3(c)), sample Fe,05-350 (Figure 3(e)), sample Fe,O;-
400 (Figure 3(g)), and sample Fe,05-450 (Figure 3(i)), the
interplanar spacings of 0.27 nm and 0.23 nm correspond well
to the (104) and (006) planes of a-Fe, O, respectively.

3.2. Electrochemical Analyses. Figure 4(b) displays the first
five cyclic voltammetry (CV) curves of sample Fe,05-350.

In the first cathodic scan, a sharp reduction peak appears at
~0.51V, which can be attributed to the reduction of Fe,O,
to Fe, the formation of a solid electrolyte interphase film
(SEI), and some irreversible reactions [10, 22]. For the anodic
process, one broad peak is observed at ~1.64 V, which can be
ascribed to the oxidation of Fe to Fe** and then to Fe** [33-
35]. The reduction peaks of the later cycles shift to higher
voltage at about 0.94V, while the oxidation peaks do not
change their positions and shapes. However, a sloped plateau
exists at the right of the peak in the second reduction process,
and the same situation also appears on other samples except
the sample Fe,0;-450, as shown in Figure 4. Moreover,
the sloped plateau disappears in the subsequent cycles,
inferring a direct correlation with the irreversible structural
changes of y-Fe,O;. The structural changes of «-Fe,05 and
y-Fe, O are particularly noteworthy since there is only one
distinct peak observed during these cathodic/anodic scans.
The appearance of the single peak can be attributed to the
fact that there are continuous structural changes between «-
Fe (cubic), a-Fe,O5 (rhombohedral), and y-Fe,O; (cubic)
phases. It shows that no distinct boundary exists between a-
Fe (cubic), y-Fe, O; (cubic or part of tetragonal), and «-Fe, O,
(rhombohedral) phases aligned from inside to outside of the
Fe, O, based composites. Indeed, during the first three cycles,
in order to adjust the expansion/compression during lithi-
ation/delithiation, some reversible or irreversible structure
changes must occur on the Fe, O, based composites. After the
third cycle, only one peak is observed in the cathodic/anodic
scans, suggesting that a one-step redox reaction is caused
by a stable structural change of the Fe,O; based compos-
ites.

To understand the one-step redox reaction in detail, XRD
measurements were carried out for the sample Fe,0;-350
which stopped at 0.01V and 3V during the 3rd cycle, as
depicted in Figure 5(a). Surprisingly, the XRD patterns at 3V
show identified peaks from «-Fe and several unnoticeable
broad peaks from y-Fe, O;, suggesting that the active material
has changed to tiny crystallites. To further study the reaction
mechanism, XRD analysis is carried out on the sample
charged at 3V for the 25th cycle (Figure 5(a)), which reveals
complementary information about the status of the anode
material. Comparing the curve 25-3V and the curve 3-
0.01V, it can be found that they have some common peaks,
which can be attributed to the formation of some irreversible
products, such as Li,O and Li Fe,O; [27]. On the other
hand, the curve 25-3V contains some unique peaks which
can be ascribed to the phase of y-Fe, ;. Although both of the
curves, 3-0.01V and 25-3V, contain the same peaks from y-
Fe, O, phase, there are inconspicuous peaks at 30.1° and 43.2°
in the curve 3-3V. There are also some peaks from several
byproducts generated during irreversible reactions which
are quite close to 30.1° and 43.2°. Moreover, the differences
between the curves 3-3 V and 25-3 'V, that is, more diffraction
peaks and their higher intensity, indicate a grain growth of
y-Fe, 05 and some phases after charging/discharging cycles.
It can be observed from Figure 4(e) that there is only one
distinct peak during cathodic/anodic scans at the 25th cycle,
inferring that the main active material is y-Fe, O; for the 25th
cycle.
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FIGURE 3: TEM images showing nanoparticles in iron nanopowder (a), samples Fe,0;—250 (b), Fe,0;-350 (d), Fe,0,-400 (f), and Fe,0,-450
(h) and their corresponding HRTEM images of samples: (c) Fe,0-250, (e) Fe,0,-350, (g) Fe,05-400, and (i) Fe,0,-450.

Figure 6(a) shows the cycling performance of Fe,O,
based nanocomposites at different oxidation temperatures
(ie., 250°C, 350°C, 400°C, and 450°C). As depicted in
Figure 6(a), in terms of specific capacity and the stability
of charging/discharging curves, the sample Fe,0;-350 shows
a superior performance as compared to other composites
during the first 74 cycles, but for the last 76 cycles, the sample
Fe,0;-450 shows the best performance, with a reversible
specific capacity of 507.6 mAh/g after 150 cycles. Although the
sample Fe,05-350 in general exhibits a higher specific capac-
ity than the sample Fe,05-250, its specific capacity undergoes
a severe loss after 150 cycles, with 51.4% capacity retention for
the sample Fe,0;-350 and 59.3% capacity retention for the
sample Fe,0;-250 as compared to the 2nd cycle. The cycling
performances of all of the simples are much better than the
commercial nano-Fe,O; powder which has a capacity of
about 180 mAh/g that remained after only 30 cycles tested
by Liu et al. [25] at a lower current density (100 mA/g).

These results indicate that a higher Fe,O5 contents in the
composite may lead to a higher initial specific capacity but
lower cycling stability. This can be attributed to the large
volume changes in Fe, O, during lithium insertion/extraction
process. Such a volume change causes a pulverization of
electrodes and thereby leads to a poor cycling performance.
The results clearly show that the degree of oxidation for a
metal is crucial for its performance as the anode material of
LIBs. On a closer examination of Figure 6(a), an interesting
phenomenon can be observed for the sample Fe,05-450 that
the specific capacity drops drastically for the first 25 cycles
with a noticeable fluctuation from the 10th to 25th cycle,
and then the capacity increases constantly from the 25th
cycle. Similar capacity rising phenomenon also exists for the
sample Fe,0;-400, as shown in Figure 6(a). The discharge
specific capacity of the sample Fe,0;-400 is increased from
383mAh/g at the 25th cycle to 431mAh/g at the 150th
cycle. At the same time, the specific capacity of the sample
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FIGURE 4: CV curves at a scan rate of 0.1 mV/s of samples Fe,05-250 (a), Fe,0;-350 (b), Fe,0,-400 (c), and Fe,0;-450 (d) in a voltage range

0f 0.01-3 V (versus Li*/Li).

Fe,0;-450 increases from 319.9 mAh/g at the 25th cycle to
507.6 mAh/g at the 150th cycle, which is much higher than
that of sample Fe,0;-400. However, such a capacity rising
phenomenon is not observed for sample Fe,O5-250 or sample
Fe,0;-350. To further study this phenomenon, the voltage
profiles of samples at their 1st, 2nd, 3rd, 25th, and 150th cycles
are displayed in Figures 6(b), 6(c), 6(d), and 6(e).

Figure 6(b) shows the voltage profiles of the sample
Fe,05-250, for which the first discharge curve displays a long
and flat plateau at ~0.76 V, while for the second discharge
process, the curve shows a slope line with an average
plateau voltage of ~0.98 V. During the subsequent discharg-
ing process, the plateau is steeper and the plateau voltage
monotonically decreases to ~0.88 V at the 150th cycle, which
may be attributed to the gradual irreversible changes of Fe, O,

during repeated lithium insertion and extraction [29]. Except
the width of the plateau and the magnitude of the specific
capacity, there are no other dissimilarities for the 1st, 2nd, 3rd,
and 25th voltage profiles of all composite samples (Figures
6(b), 6(c), 6(d), and 6(e)). However, it is worth noting that
the voltage profiles of the sample Fe,05-250, sample Fe,O5-
350, sample Fe,0;-400, and sample Fe,05-450 at 150th cycle
are quite different. For the sample Fe,0;-250 and the sample
Fe,05-350, the discharge curves of the 25th cycle and the
150th cycle almost overlap in the voltage range of 3-1.5V,
while the curves of the 150th cycle of the sample Fe,0;-400
and the sample Fe,0;-450 are more flat than that of 25th cycle
at the same voltage range. Furthermore, in the voltage range
of 0.01-1V, the charge curves of the 150th cycle of the sample
Fe,05;-400 and the sample Fe,0;-450 are also more flat than
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that of the 25th cycle of the sample Fe,0;-250 and the sample
Fe,05-350, as shown in Figures 6(b), 6(c), 6(d), and 6(e).
These results reveal that the processes occurring in the voltage
range of 0.01-1V and 1.5-3 V may partially contribute to the
capacity rising phenomenon, similar to the results shown by
Laruelle et al. [36]. As reported in the literature [37, 38], the
choice of binder does not have any effect on the capacity
rising phenomenon. However, such a phenomenon is not
only seen in nanosized Fe,O; composites, but also in other
kinds of 3d transition metal oxides, which are also working
through conversion reaction [3, 36], such as cobalt oxides [39]
and manganese oxides [40, 41]. The phenomenon was usually
attributed to the reversible growth of a gel-like layer catalyzed
by 3d transition metals, as proposed by Laruelle et al. [36, 40],
or the reversible interfacial reactions, as proposed by Jamnik
et al. [37, 42]. The exact mechanism is not known yet, but it
is possible that the active materials (i.e., Fe, O, Fe +2 or +3)
promote the capacity rising, no matter whether they acceler-
ate the formation of gel-like layer or the reversible interfacial
reactions. Indeed, the capacity rising starts from the 25th
cycle, and the main active material is iron oxides. Moreover,
comparing to the sample Fe,05-450 with more obvious
capacity rising, the sample Fe,0;-400 has a less amount of
Fe,0; (« and y). Therefore, one can draw a conclusion that
the more active materials the electrode contains, the more
obvious the capacity rising phenomenon will be. Further
work is undergoing to elucidate the exact mechanisms asso-
ciated with such capacity rising involved in the present work.

4. Conclusions

For the first time, Fe,O; based nanocomposites were pre-
pared by oxidation of arc plasma evaporated nanoiron

powders at different temperatures. Along with the increasing
oxidation temperature, Fe,O; based composites showed an
increasing content of a-Fe,O; and decreasing contents of a-
Fe and y-Fe,0;. When the composites were used as anode
materials in lithium-ion battery, it was found that the active
material (Fe,O;) showed a change into tiny crystallites at the
first several galvanostatic charge/discharge cycles and then
followed by crystallization and grain growth (y-Fe,0;). A
severe capacity loss occurred at the first several cycles for
all the Fe,O; based nanocomposites. However, a capacity
rising was observed for the composites obtained at 400°C
and 450°C, which was more obvious when the content of
active material, Fe,O;, increased. For different Fe,O, based
nanocomposites as anode materials for lithium-ion batteries,
the one obtained at 450°C exhibited the highest capacity of
507.6 mAh/g after 150 cycles, much higher than that of the
commercial one (~180 mAh/g after 30 cycles). The method
developed in this work can be also used to prepare other
kinds of nanosized metal oxide powders as anode materials
for lithium-ion batteries in large scale.
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