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The redox efficiency of iron has been improved by increasing the distribution of iron on the carbon surface with Fe2O3-loaded carbo
aterials. The Fe2O3-loaded carbon material was prepared by loading Fe2O3 on carbon by a chemical method. Fe(NO3)3 was impregnated o

arbon with different weight ratios of iron-to-carbon in an aqueous solution, and the mixture was dried and then calcined for 1 h at◦C in
owing Ar. The effect of various carbons on the physical and electrochemical properties of Fe2O3-loaded carbon electrodes was investiga
ith the use of X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM) along wit
nergy-dispersive spectroscopy (EDS), cyclic voltammetry (CV) and galvanostatic cycling performance. Transmission electron m
oupled with X-ray diffraction measurements revealed that small Fe2O3 particles were distributed on the carbon surface. Natural gra
nd several nano-carbon materials such as acetylene black and tubular carbon nanofibers (tubular CNF) exhibited improved ch
uch as enhanced capacity and higher redox currents for the Fe2O3-loaded carbon electrode. SEM and EDS results suggest that Fe2O3-loaded
ano-carbon electrodes, due to the large surface area of the nano-carbon, have more Fe2O3 dispersed than on Fe2O3-coated graphite electrode
2005 Elsevier B.V. All rights reserved.
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. Introduction

High energy density for metal/air batteries has been the
ocus of attention[1–3] in recent years for applications in-
olving electric vehicles, among others. The anode in an air
attery plays a key role in deciding the performance, espe-
ially the specific capacity and cycle life. Three kinds of air
atteries are interesting, viz., Fe/air, Zn/air and Al/air. How-
ver, all of these air batteries have some disadvantages due to
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the anode. For example, a zinc anode can experience an
mogeneous distribution of deposition during charging, re
ing in a “shape change” phenomenon, leading to loss of c
life. An aluminum anode is only mechanically rechargea
On the other hand, the iron anode forms a passive layer d
the discharge process. Much research has been involve
improving these anodes. In recent years, iron electrodes
received considerable attention[4–22], in view of their high
theoretical capacity (0.96 Ah g−1), long cycle life and low
cost, in addition to having good resistance towards mec
ical shock, vibrations, over-charge and deep discharge[18].
However, in practice, the porous iron electrode presents
charge efficiency, since the hydrogen evolution reaction c
petes with the discharge reaction[18]. In order to improve
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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)

VGCF 100–300 13 2.21
AB 40–100 68 2.0
Natural graphite 18000 8 2.24
Tubular CNF 20–100 92 2.09
Platelet CNF 40–200 91 2.10

Fig. 1. X-ray pattern of Fe2O3-loaded AB and Fe2O3-loaded tubular CNF
before (a) and after (b) cycling for different weight ratios of iron-to-carbon.

Fig. 2. SEM images and distribution of Fe2O3 and carbon of Fe2O3-loaded
tubular CNF material.

the passivation of the iron electrode during the galvanostatic
cycling, various kinds of carbons were used for preparing
Fe/C electrodes for use as anodes in Fe/air batteries[23]. Re-
cently, the authors reported that the Fe/nano-carbon-mixed
composite electrode showed improved charge–discharge per-
formance[23]. However, in preparing such composite mate-
rials, it is preferable that the contact between iron and car-
bon be maximized. In order to increase the active material
surface area, in the present study, we present the prepara-
tion of a novel Fe2O3-loaded carbon composite electrode,
using various carbon materials, for use as an anode in Fe/air
batteries.
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2. Experimental

Vapor-grown carbon fibers (VGCF; Showa Denko Co.),
acetylene black (AB; Denki Kagaku Co.) and natural graphite
(Chuetsu Graphite Co.), with average diameters of ca. 200,
100 nm and 18�m, respectively, were used in the present
work. In addition, two kinds of carbon nanofibers (CNFs),
of the nanotube type, having an average diameter of ca.
50 nm, and a platelet type, having an average diameter
of ca. 150 nm, were also investigated. For tubular CNF,

F
A

hexagonal planes compose hollow tubes, while in platelet
CNF, a smaller hexagonal plane is stacked perpendicular
to the fiber axis. The main characteristics of the carbon
materials employed are listed inTable 1; their morphol-
ogy has been described in our previous work[23]. Iron
nitrate (Wako Pure Chemical Co.) was used as the iron
source.

The Fe2O3-loaded carbon material was prepared by
loading Fe2O3 on carbon, as described below. Fe(NO3)3
was impregnated on carbon with various weight ratios of
ig. 3. SEM images and distribution of Fe2O3 and carbon of Fe2O3-loaded
B material.

F
n

ig. 4. SEM images and distribution of Fe2O3 and carbon of Fe2O3-loaded
atural graphite material.
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iron-to-carbon (1:1, 1:2, 1:4 and 1:8) in an aqueous solution,
and the mixture was dried at 70◦C, followed by calcination
for 1 h at 400◦C in flowing Ar. The Fe compound obtained
on the carbons was identified to be Fe2O3 by X-ray diffrac-
tion (XRD). The morphology of the as-prepared Fe2O3-
loaded carbon materials was observed by transmission elec-
tron microscopy (TEM), and scanning electron microscopy
(SEM) together with X-ray energy-dispersive spectroscopy
(EDS). X-ray measurements were also carried out on these
materials.

In order to obtain the electrochemical behavior of each
Fe2O3-loaded carbon material, an electrode sheet was pre-
pared by mixing 90 wt.% of the respective Fe2O3-loaded
carbons and 10 wt.% polytetrafluoroethylene (PTFE; Daikin
Co.) and rolling. The Fe2O3-loaded carbon electrode was
made into a pellet of 1 cm diameter. Cyclic voltammetry

studies were carried out with a three-electrode glass cell as-
sembly that had the Fe2O3-loaded carbon electrode as the
working electrode, silver oxide as the counter electrode,
Hg/HgO (1 M NaOH) as the reference electrode and cel-
lophane, together with filter paper, as the separator, which
was sandwiched by the two electrodes. The electrolyte used
was 8 mol dm−3 aqueous KOH. Cyclic voltammetry mea-
surements were recorded at a sweep rate of 0.5 mV s−1

and in the range of−1.2 to −0.1 V. After the 15th redox
cycle, the Fe2O3-loaded carbon electrodes were removed,
washed with deionized water, dried and observed by SEM-
EDS so as to compare with the results of the electrodes before
cycling.

The galvanostatic cycling performance measurements for
the Fe2O3-loaded carbon electrodes were carried out with
a three-electrode glass cell assembly. The discharge cut-
Fig. 5. TEM images of the as-prepar
ed Fe2O3-loaded carbon materials.
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off potential was−0.1 V, and a constant potential charging
step was applied at−1.15 V after the galvanostatic charg-
ing. The constant potential of−1.15 V was used because of
the large amount hydrogen evolution observed at−1.2 V.
The current densities for the charge and discharge pro-
cess were employed in two different conditions. In the first
condition, the charge and discharge current densities were
both 1 mA cm−2, and in the second condition the charge
and discharge current densities were 0.5 and 0.2 mA cm−2,
respectively.

3. Results and discussion

The X-ray patterns of the Fe2O3-loaded AB and Fe2O3-
loaded tubular CNF electrodes before and after the 15th cycle
at different weight ratios of iron and carbon are presented
in Fig. 1. It can be seen that for the Fe2O3-loaded carbon
materials before cycling (Fig. 1a) at different weight ratios
of iron and carbon, Fe2O3 is indeed present on the carbon

surface. Therefore, the active material of the Fe2O3-loaded
carbon materials is Fe2O3.

Figs. 2–4depict the SEM images and distribution of
Fe2O3 and carbon particles by EDS of as-prepared Fe2O3-
loaded samples with tubular CNF, AB and graphite, respec-
tively. The distribution of Fe2O3 and carbon on Fe2O3-
loaded AB, Fe2O3-loaded tubular CNF and Fe2O3-loaded
graphite materials revealed that Fe2O3 was well dispersed on
the carbon surface. Such dispersion should increase the ac-
tive material surface area and improve the redox reaction of
iron.

In order to confirm the nature of the Fe2O3 present on the
carbons, TEM measurements were carried out. TEM images
of as-prepared Fe2O3-loaded carbons are shown inFig. 5.
The dark particles in this figure are Fe2O3. The TEM im-
ages demonstrated that fine Fe2O3 particles were dispersed
on the carbon surface. Such a distribution of Fe2O3 is ex-
pected to improve the cycleability of the Fe2O3-loaded car-
bon electrodes during cycling. Comparison with Fe/C-mixed
composite electrodes suggests that the Fe2O3-loaded carbons

F
t

ig. 6. Cyclic voltammetry of Fe2O3-loaded AB (a) and Fe2O3-loaded tubular C
he tendency of the current during the cycling).
NF (b) electrodes at various weight ratios of iron-to-carbon (arrows present
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have larger active material surface areas than those of the
Fe/C-mixed composite electrodes. Further, the active mate-
rials of the Fe/C-mixed electrodes consist of relatively large
iron particles, viz., a few 10ths of a micrometer in contact
with carbon. The method for preparing Fe/C-mixed compos-
ite electrodes has been described in our previous publication
[23]. Thus, the Fe2O3-loaded electrodes are expected to pro-
vide larger capacity than those of the Fe/C-mixed composite
electrodes.

The voltammograms of the Fe2O3-loaded carbon elec-
trodes having weight ratios of iron-to-carbon of 1:1, 1:
2, 1:4 and 1:8 during the initial five cycles are shown in
Figs. 6–8. Several peaks were observed, including the ox-
idation of Fe(II)/Fe(III) at around−0.6 V and the corre-
sponding reduction peak at around−1.1 V. With further cy-
cling, the anodic peak moved to a more positive potential,
while the cathodic peak shifted toward a more negative po-
tential, and the current under these peaks decreased. This
suggests that the reaction was becoming irreversible, result-
ing in increased overpotential. The redox couple of Fe/Fe(II)

was not observable. This could be ascribed to the insulat-
ing nature of the Fe(OH)2 active material, which would
inhibit the Fe/Fe(II) redox couple, causing a large overpo-
tential. Fe(OH)2 will be reduced to Fe at a lower poten-
tial than the cutoff potential of−1.2 V. The other possible
reason is hydrogen evolution, occurring at around−1.1 V.
In the first cycle, Fe2O3 was reduced to Fe(OH)2 and then
Fe(OH)2 was oxidized to Fe(OH)3 or FeOOH; with further
cycling, this Fe(II)/Fe(III) redox couple became predomi-
nant, while the Fe/Fe(II) redox couple was insignificant. In
order to check the presence of the Fe/Fe(II) redox couple,
CV measurements were carried out on Fe2O3-loaded carbon
electrodes with a reversal potential of−1.3 V (Fig. 9a); af-
ter the 15th cycle, the cathodic scan from−0.1 to −1.3 V
was stopped at zero current in the potential range−1.1
to −0.9 V, and X-ray measurements were made. The XRD
patterns of the Fe2O3-loaded AB and Fe2O3-loaded tubu-
lar CNF are shown inFig. 1b. Fig. 9a indicates that the
Fe/Fe(II) oxidation peak occurred during the cycling around
−0.9 V with much smaller current compared with that of

F
p

ig. 7. Cyclic voltammetry of Fe2O3-loaded platelet CNF (a) and Fe2O3-loaded
resent the tendency of the current during the cycling).
VGCF (b) electrodes at various weight ratios of iron and carbon (arrows
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Fig. 8. Cyclic voltammetry of Fe2O3-loaded natural graphite electrode at
various weight ratios of iron-to-carbon (arrows present the tendency of the
current during the cycling).

Fe(II)/Fe(III) oxidation peak. However, the reduction peak
of iron deposition was not separated from the hydrogen evo-
lution peak. FromFig. 1b, it can be seen that Fe peaks
are present on the carbon surface, thereby confirming that
the Fe/Fe(II) redox process occurred during the cycling.
However, this couple was not observed on further cycling,
and this may be due to the insulating nature of Fe(OH)2.
To make clear the reason that the Fe/Fe(II) redox couple
was not visible upon further cycling, another CV measure-

Fig. 9. Cyclic voltammetry of Fe2O3-loaded AB (Fe:AB:PTFE =
45:45:10 wt.%) (a) and Fe2O3-nano/AB-mixed (Fe2O3:AB:PTFE =
45:45:10 wt.%) (b) electrodes (arrows present the tendency of the current
during the cycling).

ment was carried out on a Fe2O3-nano/C-mixed electrode
(Fe2O3:C:PTFE = 45:45:10 wt.%) using Fe2O3 nanopowder
(Aldrich), with an average diameter of ca. 2–3 nm. The re-
sult is shown inFig. 9b. It is clear that both Fe/Fe(II) and
Fe(II)/Fe(III) redox couples were observed. However, the
redox current for the Fe/Fe(II) couple was much smaller
than that of the Fe(II)/Fe(III) couple. Furthermore, the re-
duction peak of iron deposition occurred at a low potential
(around−1.15 V) together with hydrogen evolution. Similar
with the Fe2O3-loaded carbon electrode, the redox current
decreased with increasing cycle number. These results re-
vealed that the Fe2O3-loaded carbon electrodes had larger in-
ternal resistances than that of the Fe2O3-nano/C-mixed elec-
trode, leading to the disappearance of the Fe/Fe(II) redox
couple.

As is evident fromFigs. 6–8, the type of carbon used, as
well as the ratio of iron-to-carbon, affect the redox behavior
of iron. For all carbons, except natural graphite, when a large
amount of Fe2O3 was loaded, for example, when the ratios
between iron and carbon were 1:1, 1:2 and 1:4 (Fig. 10), the
redox current decreased rapidly with repeated cycling, while
the 1:8 ratio showed better retention of redox current. Further,
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when the material used was natural graphite (Fig. 10), the cur-
rent decreased gradually for all the different ratios between
iron and carbon. The decrease in redox current may be ex-
plained based on the Fe(OH)2 layer formed during the cycles,
resulting in passivation. When a larger amount of Fe2O3 was
loaded on the carbon, the Fe(OH)2 layer should be thicker,
thereby resulting in a rapid decrease of the redox current on
cycling. Additionally, the morphology of the carbon affects
the redox behavior of the Fe2O3-loaded carbon electrode.
For example, tubular CNF exhibits the largest current at a
1:1 ratio, compared with other carbons, although this cur-
rent decreased rapidly on further cycling, while platelet CNF
provided the smallest current at different ratios. Similar to
tubular CNF, AB showed larger redox current at the first
cycle than that of VGCF or platelet CNF or graphite at all
ratios, but this current decreased quickly. Although VGCF
showed large currents at high Fe2O3 loadings, viz., ratios of
1:1 and 1:2, the redox current obtained was very small at low
Fe2O3 loading and increased with increasing cycle number.
This behavior is acceptable, looking from the viewpoint of
nano-carbons, especially tubular CNF and AB, which have
larger actual surface areas than other carbons (Table 1). Con-
sequently, Fe2O3 was more dispersed on tubular CNF and AB
than other carbons, and the thickness of the Fe(OH)2 layer
on tubular CNF and AB was also thinner than on other car-
bons. Such dispersion results in a larger active surface area

for Fe2O3-loaded tubular CNF and Fe2O3-loaded AB elec-
trodes than other Fe2O3-loaded carbon electrodes, thereby
supporting the redox reaction of iron. However, the redox
current decreased, even in the case of Fe2O3-loaded tubu-
lar CNF and Fe2O3-loaded AB on repeated cycling. This
may be due to a dissolution–deposition mechanism, which
would result in an intermediate species, i.e., HFeO2

− [7,16],
to be re-distributed on the carbon surface. In order to con-
firm the distribution of iron on the carbon surface, SEM and
EDS studies were carried out with Fe2O3-loaded AB and
Fe2O3-loaded graphite after the 15th cycle and are presented
in Fig. 11. Comparing the SEM and EDS before cycling
(Figs. 3–4), it is clear that after cycling, the iron was ag-
gregated into large particles on the carbon surface, and this
could be the reason for the decrease of redox current on fur-
ther cycling.

Comparison of cyclic voltammetric (CV) results of
Fe2O3-loaded carbon electrodes at corresponding ratios, for
all of the carbons, indicates that the iron-to-carbon ratio of
1:8 appears to give excellent, long cycle life for Fe2O3-loaded
carbon materials.Fig. 12presents the CV profiles of Fe2O3-
loaded carbon electrodes at five initial cycles having 1:8 ra-
tios for iron–carbon compared with the corresponding Fe/C-
mixed composite electrodes (Fe:C:PTFE = 10:80:10 wt.%).
It is interesting to note that in the case of Fe/C-mixed
electrodes, the current increased on cycling as compared
Fig. 10. Variation of redox current of Fe2O3-loade
d carbon electrodes with the cycle number.
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to Fe2O3-loaded carbon electrodes. The origin of the in-
crease in current has already been explained in our pre-
vious work [23]. However, the Fe2O3-loaded carbon elec-
trodes show much larger redox current than those for the
Fe/C-mixed electrodes in the initial cycles. Comparison
of all carbons employed for the preparation of Fe2O3-
loaded electrodes indicates that the tubular CNF, AB and
graphite exhibited larger currents than VGCF and platelet
CNF.

The cycle performance of Fe2O3-loaded carbons is pre-
sented inFig. 13. When a higher current density was ap-
plied for the charge and discharge process (Fig. 13a), the
capacities of all of the Fe2O3-loaded carbon electrodes were
smaller than those of the Fe2O3-loaded carbon electrodes us-
ing lower current density (Fig. 13b). The decrease in capacity
of Fe2O3-loaded platelet CNF was present clearly when using
high current density for the charge/discharge process. When
the lower current density was used for the charge/discharge
process (Fig. 13b), the capacities were improved. The initial
cycles for the Fe2O3-loaded carbon electrodes, excluding that
of Fe2O3-loaded VGCF, showed large discharge capacities,
but these subsequently decreased. However, Fe2O3-loaded

VGCF showed stable capacities for the initial cycles, and
then these stable capacities decreased slightly with increasing
cycle number. Comparison with other Fe2O3-loaded carbons
indicates that Fe2O3-loaded VGCF delivered the smallest dis-
charge capacity in the initial cycles, but after long cycling,
the Fe2O3-loaded platelet CNF and Fe2O3-loaded AB had
smaller capacities than other electrodes. For both current den-
sities employed, graphite showed the best discharge capacity
among the carbon materials used. Tubular CNF delivered a
slightly smaller capacity than graphite after long cycling but
larger than AB. This order was different with the CV measure-
ments, which revealed that tubular CNF showed the largest
redox current. This may be due to the experimental conditions
for this measurement. However, the tendency of decrease in
discharge capacity for the Fe2O3-loaded carbon electrodes
agrees with the CV results. The main reason is the formation
of Fe(OH)2 during the charge/discharge, with the latter re-
sulting in the passivation of the electrode. In order to obtain
the best performance for Fe2O3-loaded carbon electrodes,
the preparation of the electrodes and the charge–discharge
conditions are to be further investigated in a future
study.

F
ig. 11. SEM images and distribution of iron and carbon of Fe2O3-loaded AB (a)
 and Fe2O3-loaded natural graphite (b) electrodes after the 15th redox cycle.
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Fig. 12. Cyclic voltammetry of Fe2O3-loaded carbon (Fe:C:PTFE = 10:80:10 wt.%) (a) and Fe/C-mixed composite (Fe:C:PTFE = 10:80:10 wt.%) (b) electrodes
for five initial cycles (arrows present the tendency of the current during the cycling).

Fig. 13. Cycle performance of Fe2O3-loaded various carbon electrodes in 8 M KOH solution: (a) high charge and discharge current density; (b) low charge
and discharge current density.

4. Conclusions

The type of carbon used and the ratio between iron
and carbon play important roles in determining the elec-
trochemical properties of Fe2O3-loaded carbon electrodes.
The best performance for Fe2O3-loaded carbon electrodes
can been observed for an iron–carbon ratio of 1:8. Higher

redox currents are obtained for Fe2O3-loaded nano-carbon
electrodes employing acetylene black and tubular CNF. The
redox current decreased initially and stabilized after several
charge/discharge cycles. VGCF although showed the smallest
current among nano-carbons at an iron–carbon ratio of 1:8,
but the current increased with increasing cycle, thereby re-
sulting in stable capacity during the charge/discharge cycles.
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The Fe2O3-loaded graphite electrode showed the smaller
redox current compared with those of the Fe2O3-loaded AB
or Fe2O3-loaded tubular CNF electrodes, but the redox cur-
rent decreased marginally with increasing numbers of cycles,
thereby resulting in large capacity.

Comparison of Fe/C-mixed and Fe2O3-loaded carbon
electrodes indicates that higher capacities are obtained in the
latter case due to the highly uniform distribution of iron on
the carbon surface.
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