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Fe2O3-filled carbon nanotubes as a negative electrode for an Fe–air battery
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bstract

Fe2O3-filled carbon nanotube material was prepared by filling carbon nanotubes (CNTs) with iron nitrate and then heating in an argon flow. The
orphology and structure of this material were investigated by transmission electron microscopy (TEM), scanning electron microscopy (SEM)

oupled with X-ray energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD) measurements. The morphology, particle size and amount

f iron oxide that filled CNTs depended on the amount of iron nitrate precursor. When Fe:C = 1:17 wt%, almost all of the iron oxide particles resided
nside CNTs and their particle size was smaller than that at Fe:C = 1:8 wt%. The electrochemical properties of this material were investigated using
yclic voltammetry (CV) and galvanostatic cycling.

2008 Published by Elsevier B.V.
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. Introduction

Over the past several years, metal-filled carbon nanotubes or
anoparticles have attracted much attention due to their special
lectronic [1,2], magnetic [3–5] and optical [6] properties. These
aterials can be used for various important applications in nan-

technology [7–11], biomedical sciences [12,13] and memory
evice technology [13–18]. Moreover, they can also be used as
lectrode materials in electrochemical devices.

Several groups have reported the preparation of metal-filled
arbon nanotubes [19–26] using different methods. In general,
he methods for the synthesis of metal-filled carbon nanotubes
an be classified into two main types: two-step and one-step. The
ormer, such as a liquid chemical method, involves the opening
f CNTs and filling them with liquid metal or metal salt solution
26]. In one-step methods, CNTs are prepared simultaneously
ith the addition of foreign substances or prepared in situ filled

ith metal by using a catalyst as the metal source [19–25]. How-

ver, the level of filling with these methods is often not satisfying.
oreover, for Fe- or Fe2O3-filled CNTs, in addition to the main
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roduct of iron or iron oxide, compounds of iron and carbon,
uch as Fe3C, are also formed.

In our previous work [27], nano-sized Fe2O3-loaded carbon
as prepared successfully and the effect of nano-size on the
tilization of iron was investigated. Unfortunately, this mate-
ial shows fading capacity with repeated cycling. This fading is
ainly due to an increase in iron particle size and the dissipa-

ion of soluble HFeO2
− species in the electrolyte during cycling.

ano-sized Fe2O3 within carbon nanotubes is expected to show
limited particle size for iron and to inhibit the dissipation of

oluble species upon cycling. Thus, in this study, we present a
imple method for preparing Fe2O3-filled carbon nanotubes and
lso discuss their electrochemical properties.

. Experimental

The carbon material used in this study was carbon nan-
tubes (CNTs) with an average diameter of ca. 50 nm. The CNTs
ere prepared as described previously [28]. Iron nitrate (Wako

ure Chemical Co.) was used as the iron source. CNTs were

reated to remove catalyst before the preparation of Fe2O3-filled
NTs. Carbon material was immersed in chloride acid 10% and

he mixture was agitated by a magnetic stirrer at room tem-
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erature for 3 days. CNTs were then removed, washed with
on-exchanged water and dried.

The Fe2O3-filled CNT material was prepared by dipping
reated CNTs into an Fe(NO3)3 aqueous solution with an iron-to-
arbon weight ratio of 1:17 or 1:8. The mixture was agitated by a
agnetic stirrer over 4 days, dried at 50 ◦C, and then subjected to

alcination for 1 h at 400 ◦C in flowing Ar. The iron compound
btained inside the nanotubes was identified to be Fe2O3 by
-ray diffraction. The actual weight of iron in the final Fe2O3-
lled CNTs was checked by heating the as-prepared materials

o 1000 ◦C under air to remove the carbon. The morphology
f the as-prepared Fe2O3-filled CNT materials was observed
y transmission electron microscopy (TEM) and scanning elec-
ron microscopy (SEM) together with X-ray energy dispersive
pectroscopy (EDS).

To determine the electrochemical behavior of each Fe2O3-
lled CNT material, an electrode sheet was prepared by mixing
0 wt% of the respective Fe2O3-filled CNTs and 10 wt%
olytetrafluoroethylene (PTFE; Daikin Co.) and rolling. The
e2O3-filled CNT electrode was made into a pellet 1 cm in
iameter. Cyclic voltammetry studies were carried out with a
hree-electrode glass cell assembly that had the Fe2O3-filled
NT electrode as the working electrode, silver oxide as the
ounter electrode, Hg/HgO (1 M NaOH) as the reference elec-
rode and cellophane, together with filter paper, as the separator,
hich was sandwiched between the two electrodes. The elec-

rolyte used was 8 mol dm−3 aqueous KOH. Cyclic voltammetry
easurements were recorded at a sweep rate of 0.1 mVs−1 and
ithin a range of −1.2 V to −0.1 V. After 15 redox cycles,

he Fe2O3-filled CNT electrodes were removed, washed with
on-exchanged water, dried and observed by SEM-EDS for com-
arison with the findings before cycling.

Galvanostatic cycling performance for the Fe2O3-filled CNT
lectrodes was measured with a three-electrode glass cell assem-
ly. The discharge cutoff potential was −0.1 V, and a constant
otential charging step was applied at −1.15 V after galvanos-
atic charging. A constant potential of −1.15 V was used because
f the large amount of hydrogen evolution observed at around
1.2 V. The current densities for the charge and discharge pro-

esses were 0.5 mA cm−2 and 0.2 mA cm−2, respectively.

. Results and discussion

The X-ray patterns of the as-prepared materials with
e:C = 1:17 wt% and 1:8 wt% are presented in Fig. 1. At differ-

nt weight ratios of iron and carbon, an Fe2O3 phase is indeed
resent together with carbon in the product. This result sug-
ested that the material contains Fe2O3 and carbon and the active
aterial in this case is Fe2O3.

d
t
c
a

able 1
esults upon heating Fe2O3-filled CNTs at 1000 ◦C in air

eight ratio in preparation
ondition (Fe:C)

Fe2O3 amount in preparation
condition (mg)

1:17 3.72
1:8 7.33
ig. 1. X-ray pattern of as-prepared Fe2O3-filled CNTs with iron-to-carbon
eight ratios of 1:17 and 1:8.

In these preparation conditions, the weight ratio of iron to
arbon is 1:8 and 1:17. To determine the actual weight of iron
xide in the final Fe2O3-filled CNTs, the as-prepared materi-
ls were heated from room temperature to 1000 ◦C in air to
emove the carbon. The amount of remaining material, which
as considered to be Fe2O3, was compared with that under

he preparation conditions. The results in Table 1 show that
ith both Fe:C = 1:17 wt% and 1:8 wt%, there was no sig-
ificant difference between the amount of iron oxide in the
btained Fe2O3-filled CNTs and that in the preparation con-
ition (Fe:C = 1:17.3 wt% and 1:8.2 wt%). There was very little
ifference between the amount of iron oxide in the preparation
ondition and that in the final material.

Fig. 2 shows TEM images of the as-prepared materials with
e:C = 1:17 wt% and 1:8 wt% at various magnifications. The

ark particles inside CNTs are Fe2O3. The TEM images show
hat the carbon nanotubes were filled with fine Fe2O3 parti-
les. Various morphologies of Fe2O3 could be observed, such
s particles and nanorods, which show very different sizes

Fe2O3 amount obtained from
measurement (mg)

Weight ratio obtained from
measurement (Fe:C)

3.66 1:17.3
7.22 1:8.12
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Fig. 2. TEM images of as-prepared Fe2O3-filled CNT materials with ir

e2O3. For particles, Fe2O3 is very small (few nanometers)

hereas it is much larger (few tens of nanometers) for nanorods.
enerally, iron oxide particles are smaller than 50 nm. When
e:C = 1:17 wt%, almost all of the Fe2O3 nanoparticles were

nside carbon nanotubes and only a few Fe2O3 nanoparticles

i
a
C
t

-carbon weight ratios of (a) 1:17 and (b) 1:8 at various magnifications.

ere distributed outside CNTs. In the case of Fe:C = 1:8 wt%,

n addition to Fe2O3 nanoparticles inside CNTs, a measurable
mount of Fe2O3 nanoparticles were present on the surface of
NTs. Fe2O3 nanoparticles were smaller with Fe:C = 1:17 wt%

han with Fe:C = 1:8 wt%. In both cases, the interior of the
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ig. 3. Voltammograms of Fe2O3-filled CNT composite electrodes with (a) Fe:C
ate 0.1 mVs−1.

ubes was filled with a large amount of Fe2O3 nanoparticles
nd some spaces remained empty. Such a distribution of Fe2O3
s expected to support the redox reaction of Fe2O3 and to
nhibit an increase in the particle size and dissipation of Fe2O3
aused by the re-distribution of iron pieces during cycling via a
issolution–deposition mechanism. The cyclability and capac-
ty of Fe2O3-filled CNTs can certainly be improved. However,
he penetration of electrolyte into CNTs may be low and this

ay cause the decrease in electrode capacity.

To determine the effect of penetration of the electrolyte into

he CNTs, CV measurements were carried out with various
mmersion times of electrodes in electrolyte before cycling, and
he results are shown in Fig. 3. Several peaks were observed,

p

o
p

17 wt% and (b) Fe:C = 1:8 wt% at various immersion times for electrodes. Scan

ncluding a sharp oxidation peak at around −0.65 V (a2) and
corresponding reduction peak around −0.95 V (c1), together
ith a small couple peak at around −0.85 V (a1) upon oxidation

nd around −1.05 V (c2) upon reduction. The anodic peak (a1)
nd cathodic peak (c2) correspond to the Fe/Fe(II) redox cou-
le and peak (a2) and peak (c1) correspond to the Fe(II)/Fe(III)
edox couple. In the first cycle, the reduction peak c1 occurred at
round−1.04 V, which is a lower potential than in the subsequent
ycle, due to the reduction of iron oxide to form iron metal. The

eak at around −1.2 V was ascribed to hydrogen evolution (c3).

The results in Fig. 3 show that the changes in the CV profiles
btained with Fe:C = 1:17 and 1:8 were similar, in that the over-
otential increased with an increase in the duration of immersion
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1:17 wt% during cycling, which led to a rapid decrease in capac-
ig. 4. Voltammograms of Fe2O3-loaded CNT composite electrodes with
e:C = 1:8 wt%. Scan rate 0.1 mVs−1.

f electrodes into electrolyte before cycling, as evidenced by
shifting of oxidation peaks toward more positive and reduc-

ion peaks toward more negative. With repeated cycling, the
verpotential and redox current decreased and Fe:C = 1:17 wt%
howed a smaller decrease than Fe:C = 1:8 wt%. Moreover,
e:C = 1:17 wt% gave sharp redox peaks while those for
eC = 1:8 wt% were broad. These behaviors support the use
f Fe:C = 1:17 wt% during cycling. Thus, the immersion time
f an electrode before cycling affected the redox reactions of
e2O3-filled CNTs.

Comparison of these results to CV results for Fe2O3-loaded
NTs [27] with Fe:C = 1:8 wt% (Fig. 4) at a sweep rate of
.1 mVs−1 suggested that the two materials, Fe2O3-filled CNTs
nd Fe2O3-loaded CNTs, have similar CV profiles. The posi-
ions of the redox peaks of both materials are quite similar,
owever, Fe2O3-loaded CNTs showed a greater redox current
han Fe2O3-filled CNTs. This is reasonable since the redox reac-
ion of Fe2O3-loaded CNTs would occur more readily than that
f Fe2O3-filled CNTs due to the existence of Fe2O3 on the CNT
urface, which would lead to good contact between Fe2O3 and
lectrolyte. For Fe2O3-filled CNTs, the redox reaction may not
ccur with Fe2O3 particles, which reside deep inside CNTs due
o the low penetration of electrolyte.

The charge–discharge curves and cycle performance of
e2O3-filled CNTs with Fe:C = 1:17 wt% and Fe:C = 1:8 wt%
re shown in Fig. 5. For Fe:C = 1:7 wt%, a plateau occurred at
bout −0.7 V in discharge and at −0.9 V in charge processes
hile it appeared at a slightly higher potential in discharge and at
lower potential in charge processes with Fe:C = 1:8 wt%. These
lateaus were shifted to a slightly higher potential than with
e2O3-loaded CNTs (Fig. 6). The cycle performance (Fig. 5)
howed that in both cases, the changes in the discharge capacity
ere similar: high capacity at initial cycles and then a gradual
ecrease. However, Fe:C = 1:17 wt% provided higher capacities
han 1:8 wt% after long-term cycling. This can be attributed

o the re-distribution of an intermediate soluble species via a
issolution–deposition mechanism. For Fe:C = 1:17 wt%, since
lmost all of the Fe2O3 existed inside CNTs, the re-distribution

i
i
s

ig. 5. Charge–discharge curves and cycle performance of Fe2O3-filled CNT
omposite electrodes with Fe:C = 1:17 wt% and 1:8 wt%.

f iron pieces mainly occurred inside CNTs and hence the parti-
le size of iron was limited and the dissipation of soluble species
ould be reduced. In contrast, for Fe:C = 1:8 wt%, due to the
igher iron content and the existence of some Fe2O3 particles
n the surface of carbon, the size of these particles was not
imited and dissipation of soluble species was greater than with
ty. The result in Fig. 5 agrees with the CV profiles in Fig. 3,
n which the decrease in redox peaks for Fe:C = 1:17 wt% was
maller than that for 1:8 wt% with repeated cycling.
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ig. 6. Charge–discharge curves and cycle performance of nano-sized Fe2O3-
oaded CNT composite electrode with Fe:C = 1:8 wt%.

The decrease in discharge capacity with repeated cycling may
e due to a gradual increase in the passivation of an electrode
uring cycling. Furthermore, the dissipation of soluble species
o the electrolyte also contributed to the fading of capacity.

A comparison of the cycle performance of Fe2O3-filled
NTs (Fig. 5) to that of Fe2O3-loaded CNTs (Fig. 6) [27]

howed that the trends for the changes in capacity were similar.
lthough Fe2O3-loaded CNTs delivered higher capacities than
e2O3-filled CNTs in the initial cycles, Fe2O3-filled CNTs pro-
ided larger capacity than Fe2O3-loaded CNTs with prolonged
ycling. For Fe2O3-filled CNTs, the penetration of electrolyte
nside CNTs is low, which leads to a redox reaction, and this

ay not occur with some Fe2O3 particles, which reside deep
nside CNTs. Therefore, in the initial cycles, the capacity of
e2O3-filled CNTs was lower than that of Fe2O3-loaded CNTs.
omparison of the results in Figs. 5 and 6 revealed that the cycle
erformance of Fe2O3-filled CNTs was improved in compari-
on to that of Fe2O3-loaded CNTs when Fe:C = 1:17 wt%. This
mprovement in the capacity of Fe2O3-filled CNTs demonstrated
hat the presence of Fe2O3 inside CNTs significantly reduced the

issipation of soluble species during cycling.

To improve the penetration of electrolyte, CNTs were treated
y gasification at 300 ◦C before being used to prepare Fe2O3-
lled CNTs. With gasification portions of the CNT walls were

t
o
e
T

ig. 7. Charge–discharge curves and cycle performance of Fe2O3-filled CNT
omposite electrodes with Fe:C = 1:17 wt% and 1:8 wt% (CNFs were treated
efore filling Fe2O3).

xidized and pores were formed. These pores may support
he penetration of electrolyte into CNTs, and dissipation may
ccur. The charge–discharge curves of these samples (Fig. 7)
re similar to those of samples using CNTs without treatment
Fig. 5). The cycle performance of Fe2O3-filled CNTs using

reated CNTs (Fig. 7) showed that a higher capacity could be
btained compared with CNTs without treatment (Fig. 5). How-
ver, the capacity still gradually decreased with repeated cycling.
his may be caused by the dissipation of soluble species via
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Fig. 8. Capacity retention of Fe2O3-filled CNT and Fe2O3-loaded CNT com-
posite electrodes.
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Fig. 9. SEM image and distribution of iron and carbon in electrode conta
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ores during cycling. Based on a comparison with the cycle
erformance of Fe2O3-loaded CNTs (Fig. 6), the capacity of
e2O3-filled CNTs was significantly improved.

To confirm the advantage of Fe2O3-filled CNTs compared to
e2O3-loaded CNTs, the capacity retention was calculated and

he results are shown in Fig. 8. It is clear that Fe2O3-filled CNTs
ave higher capacity retention than Fe2O3-loaded CNTs.

It is important to identify the origin of the decrease in
apacity with repeated cycling. SEM-EDS measurements were
erformed on these electrodes before and after the 15th cycle,
nd the results are presented in Figs. 9 and 10. Before cycling,
ron was well-dispersed inside CNTs. Almost no iron was dis-
ributed on the carbon surface with both Fe:C = 1:17 wt% and
:8 wt%. After cycling, iron was distributed on the carbon sur-

ace. Larger iron particles were observed outside CNTs after
ycling. However, when an electrode containing Fe:C = 1.8 wt%
as tested, many large iron particles were observed on carbon,
hereas with an electrode containing Fe:C = 1.17 wt%, a very

ining Fe:C = 1:17 wt% (a) before and (b) after the 15th redox cycle.



400 B.T. Hang et al. / Journal of Power Sources 178 (2008) 393–401

cont

s
s
e
p
d
b
t
r
d
s
c
f

4

C
w

fi
F
c
a
o

A

&

R

Fig. 10. SEM image and distribution of iron and carbon in electrode

mall amount of large iron particles were seen on the carbon
urface. This is the main cause of the decrease in capacity of
ach electrode with prolonged cycling. In addition, the dissi-
ation of soluble species upon cycling also contributed to the
ecrease in capacity. Furthermore, the preparation of electrodes
y milling the obtained material with binder probably damaged
he material, which led to a decrease in capacity. The SEM–EDS
esults confirmed the notion that iron was re-distributed by a
issolution–deposition mechanism via an intermediate soluble
pecies HFeO2

− during cycling. With a further improvement in
ycle performance, Fe2O3-filled CNTs may be a useful material
or the negative electrode of an Fe–air battery.

. Conclusion
A simple chemical method was used to prepare Fe2O3-filled
NT material. The obtained material contains Fe2O3 and carbon
ithout any side product. The discharge capacity of Fe2O3-
aining Fe:C = 1:8 wt% (a) before and (b) after the 15th redox cycle.

lled CNTs was improved compared to that of nano-sized
e2O3-loaded CNTs. Fe2O3-filled CNT material is a promising
andidate for use in electrochemical devices. Moreover, it may
lso be useful in various important applications in nanotechnol-
gy, biomedical sciences and memory device technology.
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