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bstract

Nano-sized Fe2O3-loaded carbon material was prepared by loading Fe2O3 on carbon using a chemical method. Fe(NO3)3 was impregnated on
arbon in an aqueous solution, and the mixture was dried and then calcined for 1 h at 400 ◦C in flowing Ar. Transmission electron microscopy
TEM) coupled with X-ray diffraction measurements revealed that small Fe2O3 particles (a few tenths of nanometers) were distributed on the
arbon surface. The obtained nano-sized Fe2O3-loaded carbon material acted as an anode in a Li cell. High charge capacities of over 1000 mAh g−1
reduction of Fe2O3) in the first charge process suggested that Fe3+ in Fe2O3 was electrochemically reduced to Fe0. Investigation of the charge
aterial by X-ray photoelectron spectroscopy (XPS) confirmed that Fe3+ is reduced to Fe0. Nano-sized Fe2O3-loaded acetylene black (AB), which,

ue to the larger surface area of AB, gave a greater distribution of nano-sized Fe2O3 particles than graphite, provided a larger capacity than
ano-sized Fe2O3-loaded graphite.
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. Introduction

Various kinds of alternative materials for lithium battery
nodes and cathodes have been extensively studied. Transition
etal oxides, in particular, have received much attention. The

lectrochemical reduction of these oxides in lithium cells has
een studied thoroughly. Iron oxides, which are inexpensive and
ave low environmental impact, are potential candidates for use
n lithium batteries. Many researchers have reported that iron
xides serve as an active material in lithium batteries [1–6].
odshall et al. [6] indicated that lithium could react with iron
xides, to give Li2O and metallic iron, through the intermedi-
te formation of various phases such as LiFe5O8, LiFeO2 and
i5FeO4. Larcher et al. [7] confirmed that �-Fe2O3 was reduced

o form iron metal and Li2O. Thus, the overall electrochemical
eaction of lithium intercalation to iron oxides is as follows:
Li+ + Fe2O3 + 6e → 2Fe + 3Li2O (1)

Li+ + Fe3O4 + 8e → 3Fe + 4Li2O (2)
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owever, it has been considered that it is difficult to use large
articles of iron oxides for a lithium secondary battery due to
heir irreversible phase transformation during the reaction [1–4].
ecently, some iron oxides with nano-sized particles have been

eported to react with lithium as a reversible material [7–12].
mong these works, Larcher et al. [7,8] described the effect
f particle size on lithium intercalation into �-Fe2O3 particles.
wo electrodes that contain nanometric �-Fe2O3 and micromet-
ic �-Fe2O3 particles were investigated and the results showed
hat high capacities (1400 and 1200 mAh g−1 for nano-�-Fe2O3,
nd micro-�-Fe2O3, respectively) could be obtained on the first
ischarge process (reduction of Fe2O3). Matsumura et al. [9]
ocused on a materials search, in which both lithium insertion
nd surface reactions proceed on the surface of small parti-
les, to improve cell capacities. They synthesized a nano-sized
-Fe2O3/SnO2 binary system (ca. 7 nm) with an SO4

2− addi-
ive, and reported that a compound with (�-Fe2O3)0.7–(SnO2)0.3
hows a reversible capacity of 300 mAh g−1 based on lithium
ntercalation and the surface reaction on the particles. More-

ver, other researchers [10–12] have shown that fine iron oxides
Fe2O3 or Fe3O4) provide large capacities for a lithium battery.
herefore, the particle size and surface area of iron oxide influ-
nce the cycle performance.
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Table 1
Main characteristics of the carbon materials

Grain size
(nm)

BET surface
area (m2 g−1)

True density
(g cm−3)
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To obtain fine iron oxide particles and increase the surface
rea of active material, in this study, acetylene black and graphite
ere used as a substrate to disperse iron oxides. For this purpose,

wo types of electrode materials, nano-sized Fe2O3/C mixed and
ano-sized Fe2O3-loaded carbon, were prepared and used as an
node material for a lithium cell. The electrochemical activities
f these materials with lithium were investigated and compared
o find the most suitable material for a lithium battery anode.

. Experimental

Acetylene black (AB, Denki Kagaku Co.) and natural
raphite (Chuetsu Graphite Co.), with average diameters of ca.
00 nm and 18 �m, respectively, were used in the present work.
he main characteristics of the carbon materials used are listed

n Table 1; their morphology is showed in Fig. 1. Iron nitrate
Wako Pure Chemical Co.) was used as the iron source.

Nano-sized Fe2O3-loaded carbon material was prepared by
oading Fe2O3 on carbon, as described below. Fe(NO3)3 was
mpregnated on carbon with an iron to carbon weight ratio of
:8 in an aqueous solution, and the mixture was dried at 70 ◦C.
his was followed by calcination for 1 h at 400 ◦C in flowing
r. The iron compound obtained on the carbon materials was

dentified to be Fe2O3 by X-ray diffraction. The morphology of
he as-prepared nano-sized Fe2O3-loaded carbon materials was
bserved by transmission electron microscopy (TEM) using a
ECNAI F20. X-ray measurements were also carried out on

hese materials.
All electrochemical measurements were performed at 25 ◦C

sing a coin cell with lithium metal as a cathode. The anode was

repared by mixing 90 wt.% nano-sized Fe2O3-loaded carbon
ith 10 wt.% polyvinylidene fluoride (PVdF) binder (KF #9100

rom Kureha Chemical) dissolved in 1-methyl-2-pyrrolidinone
NMP). The slurry was coated onto the copper current collec-
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Fig. 1. Morphology of th
ources 161 (2006) 1281–1287

or. The coated films were dried and cut to 15 mm in diameter.
ano-sized Fe2O3 electrodes without and with carbon were also
repared by the same procedure with 90 wt.% nano-sized Fe2O3
Aldrich, ca. 3 nm) or nano-sized Fe2O3/C mixed and 10 wt.%
VdF binder for comparison with nano-sized Fe2O3-loaded car-
on. These electrodes were then dried for 12 h at 120 ◦C in a
acuum oven. The cells were assembled in an argon-filled glove
ox. The electrolyte and separator used were: 1 M LiPF6 in EC-
MC 1:1 by volume (Tomiyama Pure Chemical Co.) and porous
olypropylene (Celgard #3501), respectively.

Cyclic voltammetry (CV) studies were carried out using
n AutoLab instrument (ECO CHEMIE) at a scanning rate of
.5 mV s−1. Charge–discharge cycle tests of the coin cells were
onducted at a constant current density of 0.2 mA cm−2 and
ithin a voltage range of 0.5–3.0 V (versus Li/Li+) using a cell-

ycling device (NAGANO Co.).
To obtain the valence state of iron before and after

ycling, X-ray photoelectron spectroscopy (XPS) analysis (JPS-
010 MC/IV, JOEL) was performed. After cycling, the coin cells
ere disassembled in a glove box filled with argon, and the work-

ng electrodes were washed with DMC solvent and then dried
n a vacuum for 12 h. These electrodes were moved for XPS

easurement by using a transfer vessel. The X-ray source was
monochromatic Mg K� radiation system (10 kV, 10 mA).

. Results and discussion

The X-ray pattern of the as-prepared material using AB is
resented in Fig. 2. Fe2O3 is indeed present on the carbon sur-
ace. Therefore, the active material in this case is Fe2O3.

For the preparation condition, the weight ratio of iron to car-
on is 1:8. In order to determine the real iron amount existed
n the final production, the polarized zeeman atomic absorp-
ion spectrophotometer (PZAAS) method was applied. The as-
repared material was immersed in chloride acid solution to dis-
olve iron oxide. The obtained solution was checked by PZAAS
nd the results are showed in Table 2. It appears that the iron
mount in the final production is a little bit smaller than that in

reparation condition. Thereby, the real weight ratio of iron to
arbon in the obtained Fe2O3-loaded carbons is about 1:9.

To confirm the nature of the Fe2O3 present on the car-
ons, TEM measurements were carried out. TEM images of

e carbon materials.
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Fig. 2. X-ray pattern of the as-prepared nano-sized Fe2O3-loaded AB.

Table 2
PZAAS result for nano-sized Fe2O3-loaded carbon (Fe:C = 1:8 in preparation
condition)

Fe2O3-loaded
carbon

Iron amount in
preparation
condition (mg)

Iron amount
obtained from
measurement (mg)

Weight ratio
obtained from
measurement (Fe:C)

AB 11.1177 9.7972 ∼1:9
Natural graphite 11.1144 9.7936 ∼1:9
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Fig. 3. TEM images of the as-prepared nano
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s-prepared Fe2O3-loaded carbons are shown in Fig. 3. The dark
articles in this figure are Fe2O3. The TEM images demonstrated
hat fine Fe2O3 particles (a few tenths of nanometers) were dis-
ersed on the carbon surface. Such dispersion should increase
he surface area of active material and improve the redox reaction
f iron.

Fig. 4 shows cyclic voltammograms for nano-sized Fe2O3-
oaded AB and graphite in the five initial cycles. The CV curves
or both electrodes clearly indicated a reversible reaction dur-
ng reduction and oxidation with two peaks at around 1.5 and
.7 V (versus Li/Li+) in reduction and one peak at around 1.8 V
versus Li/Li+) in oxidation. Similar CV profiles obtained with
ano-sized Fe2O3/AB and nano-sized Fe2O3/graphite mixed
lectrodes are shown in Fig. 5. However, the redox current for
he nano-sized Fe2O3 mixed with carbon electrodes decreased
apidly with repeated cycling.

Comparison of the CV results with nano-sized Fe2O3-loaded
arbon (Fig. 4) and nano-sized Fe2O3/C mixed (Fig. 5) elec-
rodes with the CV results of nano-sized Fe2O3 (Aldrich,
a. 3 nm) without carbon (Fig. 6) demonstrated that nano-
ized Fe2O3-loaded carbon materials exhibited better reversible
apacity than nano-sized Fe2O3 without carbon as well as nano-
ized Fe2O3/C mixed electrodes. From these profiles, it can be
een that nano-sized Fe2O3-loaded carbon acts as a rechargeable
lectrode material in a lithium battery. However, the currents
radually decreased during cycling, which means that the capac-
ties of these electrodes also gradually decreased with an increase
n the number of charge–discharge cycles.

Figs. 7 and 8 show the charge and discharge curves in the ini-
ial 10 cycles for nano-sized Fe2O3, nano-sized Fe2O3 mixed
ith carbon and nano-sized Fe2O3-loaded carbon electrodes
etween 0.5 and 3.0 V. All of the electrodes showed a large
rreversible capacity in the first cycle. Nano-sized Fe2O3 elec-
rode without carbon exhibited poor cyclability while nano-sized
e2O3-loaded carbon electrode provided excellent cycle perfor-
ance. Although nano-sized Fe2O3/C mixed electrodes deliv-

red better cyclability than nano-sized Fe2O3 electrodes without
arbon, they still showed a large capacity loss upon repeated
ycling. Thus, among the electrodes used, nano-sized Fe2O3-

oaded carbon gave the best results, which are consistent with
he CV results.

For nano-sized Fe2O3-loaded carbon, when AB was used
Fig. 8b), the electrode exhibited a high charge capacity

-sized Fe2O3-loaded carbon materials.
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Fig. 4. Cyclic voltammograms for (a) nano-sized Fe2O3-loaded AB and (b) nano-sized Fe2O3-loaded graphite in the five initial cycles. Scan rate 0.5 mV s−1.
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electrolyte to form a solid electrolyte interface (SEI) layer at the
ig. 5. Cyclic voltammograms for (a) nano-sized Fe2O3/AB mixed and (b) nano

f about 2600 mAh g−1 (reduction of Fe2O3) while the dis-
harge capacity reached about 1600 mAh g−1 (oxidation of
ron) in the first cycle. In the case of nano-sized Fe2O3-loaded
raphite (Fig. 8(d)), in the first cycle the electrode also pro-
ided high charge and discharge capacities of about 1200 and
00 mAh g−1, respectively. Therefore, both electrode materials

xhibited higher charge and discharge capacities in the first cycle
han those reported in previous works [8–10,12]. This result

ay be due to the large surface area of nano-sized Fe2O3 dis-
ributed on the carbon surface prepared by loading nano-sized

ig. 6. Cyclic voltammograms for nano-sized Fe2O3 (Aldrich) without carbon
n the five initial cycles. Scan rate 0.5 mV s−1.

e
o
r

F
0

Fe2O3/graphite mixed electrode in the five initial cycles. Scan rate 0.5 mV s−1.

e2O3 particles on a carbon surface using a chemical method.
owever, a large irreversible capacity was observed in the first

ycle to give a coulombic efficiency of over 60% for both elec-
rodes. In addition, the capacity gradually degraded during the
harge–discharge process. A possible reason for the large irre-
ersible capacity and capacity degradation may be the reaction of
lectrode surface. Another possibility may be the re-contribution
f iron species on the carbon surface during cycling. The theo-
etical capacity calculated from Eq. (1) is 1006 mAh g−1, which

ig. 7. Charge–discharge curves in the 10 initial cycles for nano-sized Fe2O3 at
.2 mA cm−2.
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ig. 8. Charge–discharge curves in the 10 initial cycles for (a) nano-sized Fe2O
nd (d) nano-sized Fe2O3-loaded graphite at 0.2 mA cm−2.

orresponds to six Li per Fe2O3. The large observed excess
apacity in both electrodes suggests that all of the Fe3+ was
educed to Fe0 via an electrochemical reaction and the elec-
rolyte underwent a reaction.

To check the valence state of iron before and after the first
harge process, XPS measurements were carried out and the
esults are presented in Figs. 9 and 10. Before cycling (Fig. 9),
or both electrodes, the sharp peak of the Fe 2p3/2 component at
binding energy of 710.9 eV is characteristic of trivalent iron
Fe2O3) [13]. After the first charge process (reduction of Fe2O3),
he Fe 2p3/2 peak was shifted toward a lower binding energy at
round 706.9 eV (Fig. 10). The position of this peak is consistent
ith iron metal reported in the Handbook of XPS [13]. This

Fig. 9. XPS spectra of Fe 2p3/2 core level for (a) nano-sized Fe2O3-load
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mixed, (b) nano-sized Fe2O3-loaded AB, (c) nano-sized Fe2O3/graphite mixed

esult indicates that during the charge process, trivalent iron is
educed to iron metal.

Fig. 11 compares the charge–discharge capacities to the
ycle numbers for nano-sized Fe2O3-loaded AB and graphite,
espectively. Both electrode materials showed large reversible
apacities in the initial 20 cycles. However, the capacities then
radually decreased and achieved stable values. Carbon mate-
ials also contributed to the capacity of the electrode. Larcher
t al. [8] showed that the reaction of lithium with carbon SP is
ed AB and (b) nano-sized Fe2O3-loaded graphite before cycling.

bout 60 mAh g−1, which is small compared to the high capacity
alues in their work. To determine the contribution of carbon, in
he present study, a carbon electrode without Fe2O3 was cycled
nd the results are shown in Fig. 11. These results confirmed
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Fig. 10. XPS spectra of Fe 2p3/2 core level for (a) nano-sized Fe2O3-loaded AB and (b) nano-sized Fe2O3-loaded graphite after the first charge (reduction of Fe2O3).

Fig. 11. Cycle performance of (a) AB and nano-sized Fe2O3-loaded AB and (b) graphite and nano-sized Fe2O3-loaded graphite.
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Fig. 12. Cycle performance of (a) nano-sized Fe2O

hat the capacity caused by the reaction of lithium with car-
on is very small compared to that of nano-sized Fe2O3-loaded
arbon electrodes. However, for both nano-sized Fe2O3-loaded
B and graphite electrodes (Fig. 12), the stable specific capac-

ties obtained are relatively small compared with those seen in
he initial cycles. As mentioned above, this may be due to the
ecomposition of electrolyte to form an SEI layer at the electrode
urface and/or the re-distribution of iron species during cycling
o result in a large capacity loss. Another possible explanation
ay involve the large difference in particle size between nano-
ized Fe2O3 (a few tenths of nanometers) and carbon (Table 1)
12]. A direct comparison of nano-sized Fe2O3-loaded AB and
raphite shows that the reversible capacity values of nano-sized

4

g

ed AB and (b) nano-sized Fe2O3-loaded graphite.

e2O3-loaded AB are greater than those of nano-sized Fe2O3-
oaded graphite. This phenomenon can be explained based on the
ifference in the distribution of iron oxide on the carbon surface.
n the case of AB, which has a greater surface area than graphite
see Table 1), iron oxide particles are more dispersed than on
raphite, resulting in a greater surface area of iron oxide on AB
han on graphite. Thereby, nano-sized Fe2O3-loaded AB pro-
ided a higher capacity than nano-sized Fe2O3-loaded graphite.
. Conclusion

Nano-sized Fe2O3-loaded carbon materials using AB and
raphite were successfully prepared by a chemical method.
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ano-sized Fe2O3-loaded AB and graphite act as recharge-
ble electrode materials in a lithium cell. The high capacities
bserved for both electrodes suggest that Fe3+ in Fe2O3 was
educed to Fe0 via electrochemical reactions. Although a large
apacity loss occurred with both electrode materials, nano-sized
e2O3-loaded AB is a more promising candidate than graphite as
n electrode material for a lithium battery anode. With further
mprovements in capacity retention, nano-sized Fe2O3-loaded
B is expected to be a potential candidate for use at the anode

o achieve high capacity in a lithium battery.
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