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a  b  s  t  r  a  c  t

Nano-Fe3O4-loaded  tubular  carbon  nanofibers  (nano-Fe3O4/TCNFs)  were  synthesized  by  adding  TCNFs
into  the  high-temperature  solution-phase  reactions  of  iron(III)  acetylacetonate  with  1,2-hexadecanediol
in  the  presence  of  oleic  acid  and  oleylamine.  The  morphology  and  structure  of  this  material  were  inves-
tigated  by  transmission  electron  microscopy  (TEM)  and  X-ray  diffraction  (XRD)  measurements.  TEM
observation  clarified  that  nano-sized  Fe3O4 particles  with  a uniform  diameter  of  several  nanometers
eywords:
e3O4-loaded carbon materials
egative electrode
ano-carbon

ron–air batteries

were  distributed  and  loaded  tightly  on  the  TCNF  surfaces  (inside  and  outside).  After  being  annealed  at
500 ◦C  in Ar gas  flow,  nano-Fe3O4/TCNFs  were  used  as  the  active  material  of negative  electrodes  for  Fe/air
batteries.  Using  an alkaline  aqueous  electrolyte  with  K2S  additive,  a  high  specific  capacity  of 786  mAh  g−1

and  cycling  efficiency  of  76%  at the  30th  cycle  were  obtained.  The  downsizing  of  the  conductive  Fe3O4

nano-particles  was  considered  to  have  contributed  to the  good  electrochemical  properties  of  the  material.
. Introduction

Rechargeable metal/air batteries are of special interest to
attery researchers because they have much higher theoretical
apacity than other sorts of batteries [1].  Metal/air batteries using
everal different metals have been investigated [2–5]. Among
hem, Fe/air batteries have received considerable attention due to
heir high theoretical capacity, long cycle life, high electrochem-
cal stability, low cost, and environmental safety [6].  However,
he practical application of Fe/air batteries has been limited by
he thermodynamic instability of iron in alkaline environments
nd the low hydrogen overpotential of porous iron electrodes
7]. The hydrogen evolution reaction competes with the electrode
ischarge reaction and results in low battery cycling efficiency
8].  Various kinds of metal sulfide additives have been applied to
ron electrodes [7,9–11] and/or associated electrolytes [9,10,12] to
mprove the electrochemical characteristics of Fe/air batteries. Our
revious work demonstrated that the addition of carbon species

nto iron electrodes improved the conductivity and redox current
13]. Moreover, by loading Fe2O3 nanoparticles onto carbon nan-

tubes, the electrochemical characteristics of Fe/C electrodes were
mproved further [10,14,15].  However, these materials showed
elatively high capacity at the initial several cycles, but their capac-

∗ Corresponding author. Tel.: +81 92 5837791; fax: +81 92 5837791.
E-mail address: yamaki@cm.kyushu-u.ac.jp (J.-i. Yamaki).
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ity faded after repeated cycling. Besides the effect of hydrogen
evolution and the dissipation of soluble HFeO2

− species in the
electrolyte during cycling, the large iron particle size (50 nm)  and
their poor dispersion on the carbon surface, which induced thick
Fe(OH)2 accumulation and high electrode resistance, should also
take responsibility for the capacity fading. Therefore, iron oxide
with smaller particles (a few nm)  and better dispersion on the
carbon surface (or better electrical conductivity) was expected to
improve the electrochemical properties of an iron electrode in alka-
line aqueous solutions.

Nano-sized magnetic iron oxide (Fe3O4) particles and their
dispersions in various media have attracted the considerable inter-
est of magnetic materials researchers [16,17]. Various kinds of
synthetic methods have been developed to produce monodis-
perse nanoparticles with controlled size, shape, and composition
due to their favorable characteristics. Among them, a simple
organic-phase synthesis process was reported using iron(III) acety-
lacetonate as a precursor [18,19]. The monodisperse Fe3O4 particles
could be controlled from 3 to 20 nm in diameter by simply varying
the reaction temperature and the organic solvents. Although Fe3O4
nanoparticles have been widely used in magnetic nanodevices [20]
and biomagnetic application [21–27],  there have been few stud-
ies about the electrochemical properties of these monodisperse

nanoparticles as an active material for batteries.

In the present study, Fe3O4 particles with diameters of sev-
eral nanometers were loaded on the inside and outside surface
of tubular carbon nanofibers (TCNFs) though a high-temperature

dx.doi.org/10.1016/j.jpowsour.2011.05.043
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yamaki@cm.kyushu-u.ac.jp
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Fig. 1. X-ray pattern of nano-Fe3O4/TCNF (a) as-synthesized with 0.1 mol dm−3
A. Ito et al. / Journal of Powe

rganic-phase reaction. After annealing, these nano-Fe3O4/TCNFs
ere used as the active material of negative electrodes for

e/air batteries. The electrochemical properties were evaluated by
harge/discharge measurements with and without K2S as an addi-
ive in the alkaline aqueous electrolyte.

. Experimental

The synthesis of nano-Fe3O4/TCNFs was carried out using
tandard commercially available reagents and lab-made TCNF.
ron(III) acetylacetonate (Fe(acac)3, 99.9%), 1,2-hexadecanediol
90%), oleic acid (90%), and oleylamine (70%) were purchased from
igma–Aldrich. Dibenzyl ether (97%) was from Wako Pure Chemical
o. TCNFs were lab-synthesized carbon nanotubes with an average
iameter of ca. 50 nm [13]. Absolute ethanol and hexane (96%) were
sed as received without further purification.

The synthesis process was carried out in a three-neck flask at
oom temperature located on an orbital platform shaker (Rota-
ax  120, Heidolph). Iron(III) acetylacetonate (1 or 2 mmol) was

ltrasonically dissolved in a mixture solvent consisted of oleic
cid (3 mmol), oleylamine (6 mmol) and dibenzyl ether (10 ml)
o obtain 0.1 mol  dm−3 or 0.2 mol  dm−3 Fe(acac)3 solutions. Then
CNFs were ultrasonically dispersed in the solution with a certain
ron-to-carbon weight ratio. For a 0.1 mol  dm−3 Fe(acac)3 solu-
ion, the ratio was controlled at 1:8. For 0.2 mol dm−3 Fe(acac)3
olution, the ratio was controlled at 3:8. After 1,2-hexadecanediol
5 mmol) was added to the flask, the mixture was heated up
o 200 ◦C at a heating rate of 10 ◦C min−1 under an Ar flow
nd kept at this temperature for 2 h, then heated further to
eflux (300 ◦C) for 1 h. The resultant mixture was  cooled to room
emperature by removing the heat source. After adding excess
exane to the resultant mixture, the suspension was centrifuged
o yield a black product. Then the product was washed in hex-
ne and centrifuged several times. Finally, to remove organic
esidues from their surfaces, product particles were calcined for

 h at 500 ◦C under Ar flow before undergoing electrochemical
easurements.
The synthesized products were characterized by X-ray diffrac-

ion (RINT2100, Rigaku) with Cu K� radiation (50 kV, 300 mA)
rom 2� = 10–70◦ at a scan rate of 0.5◦ min−1. The morphology and

icrostructure of the resulting particles were observed with trans-
ission electron microscopy (TEM, JEM2100F, Jeol) by dropping

he solution of the particles on carbon-coated copper grids.
To evaluate the electrochemical properties of the synthesized

aterials, electrochemical charge/discharge measurements were
erformed at 25 ◦C using a three-electrode glass cell. The working
lectrode was prepared by mixing 90 wt% synthesized materials
nd 10 wt% polytetrafluoroethylene (PTFE, Daikin Co.) and rolling.

 SUS304 mesh was used as the current collector for the working
lectrode. A Pt mesh and Hg/HgO electrode (Inter Chemie Co.) were
sed as the counter electrode and the reference electrode, respec-
ively. The electrolyte was an 8 mol  dm−3 aqueous KOH solution
ith or without a 0.01-mol dm−3 K2S additive. In the charging pro-

ess, a galvanostatic charge step at a current density of 0.5 mA cm−2

as performed till −1.15 V, followed with a potentiostatic charge
tep. Simultaneously, a cut-off time was set for the whole charge
rocess. The cut-off time were calculated by assuming the active
aterial on the electrode had been fully charged at a constant cur-

ent density of 0.5 mA  cm−2. The cutoff potential was set as −1.15 V
ecause of the extensive hydrogen evolution observed at around
1.2 V. In discharging process, a galvanostatic step at a current den-
ity of 0.2 mA  cm−2 was  performed till −0.10 V. A relaxation period
f 60 min  was set at the end of each discharge/charge process. The
ischarge/charge capacities presented in the following discussion
ere obtained by integrating real current flow during cycling.
Fe(acac)3, (b) synthesized with 0.1 mol  dm−3 Fe(acac)3 followed by calcination, (c)
as-synthesized with 0.2 mol  dm−3 Fe(acac)3, and (d) synthesized with 0.2 mol dm−3

Fe(acac)3 followed by calcination.

3. Results and discussion

Fig. 1 shows X-ray diffraction patterns of the particles syn-
thesized with different Fe(acac)3 concentrations. With both
0.1 mol  dm−3 and 0.2 mol  dm−3 Fe(acac)3, the successful synthesis
of Fe3O4 particles was  confirmed, although the TCNF signal over-
lapped with the XRD patterns of Fe3O4. Moreover, the synthesized
nano-Fe3O4/TCNFs showed good resistance to high temperature up
to 500 ◦C. After being calcined for 3 h at 500 ◦C under Ar flow, the
nano-Fe3O4/TCNFs showed similar XRD patterns as that of the as-
synthesized ones, with only a slight increase of the Fe3O4 signal. No
identifiable XRD signals related to FeO or Fe2O3 were obtained. This
indicated that no chemical reactions between carbon (TCNF) and
Fe3O4 particles occurred, even at temperatures as high as 500 ◦C,
in the Ar atmosphere.

TEM measurements were carried out in order to confirm the
morphology of the Fe3O4 particles present on the TCNFs. Fig. 2
shows typical TEM images of the as-synthesized nano-Fe3O4/TCNF.
The dark particles are Fe3O4 while the fibers are TCNFs. It was
demonstrated that fine Fe3O4 particles dispersed on the TCNF sur-
face. Moreover, synthesis conditions, including the concentration
of Fe(acac)3 and the iron-to-carbon ratio, had a direct effect on
the particle size of Fe3O4. When Fe(acac)3 was 0.1 mol  dm−3 and
the iron-to-carbon was 1:8, the particle size of Fe3O4 was  around
8 nm except for a small amount of large particles. Most of the par-
ticles were well loaded on the surface of TCNF, both inside and
outside. At the same time, some free Fe3O4 particles were found

outside of TCNF. When the concentration of Fe(acac)3 increased
to 0.2 mol  dm−3 and the iron-to-carbon was  3:8, the particle size
increased to 10–20 nm,  and the grain size distribution was much
wider than that resulting from the 0.1 mol  dm−3 Fe(acac)3 condi-
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Fig. 2. TEM images of nano-Fe3O4/TCNF synthesized with (a and b) 0.1 mol  dm−3 Fe(acac)3 and (c and d) 0.2 mol  dm−3 Fe(acac)3.

Fig. 3. TEM images of calcined nano-Fe3O4/TCNFs synthesized with (a and b) 0.1 mol  dm−3 Fe(acac)3 and (c and d) 0.2 mol  dm−3 Fe(acac)3.
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ig. 4. The charge/discharge cycling profiles of nano-Fe3O4/TCNFs synthesized with
a)  0.1 mol  dm−3 Fe(acac)3 and (b) 0.2 mol  dm−3 Fe(acac)3.

ion. But almost no free Fe3O4 particles were found outside of TCNF,
lthough the iron-to-carbon ratio was higher in this condition.

Normally, high temperature induces coalescence and sinter-
ng of nanoparticles. Therefore, the morphology of the calcined
ano-Fe3O4/TCNFs was monitored by TEM to study their ther-
al  stability. The images are shown in Fig. 3. Compared with that

n as-synthesized materials, the Fe3O4 particles in the calcined
ano-Fe3O4/TCNFs had a larger grain size. For the sample synthe-
ized with 0.1 mol  dm−3 Fe(acac)3, the Fe3O4 particle size increased
o 10–20 nm,  but no remarkable degradation in the dispersibil-
ty of the Fe3O4 particles was observed. As for that synthesized

ith 0.2 mol  dm−3 Fe(acac)3, the Fe3O4 particle size increased
o 20–40 nm,  and the dispersibility of Fe3O4 particles worsened
ecause of their large grain size. On the other hand, high temper-
ture also showed a positive effect on the synthesized materials
ince the connection between the iron oxide particles and the car-
on surface became stronger after heat treatment (see the inset of
ig. 3b).

The electrochemical properties of the nano-Fe3O4/TCNFs after
eat treatment were evaluated by charge/discharge measure-
ents. Fig. 4 shows the initial 30 charge (reduction of Fe3O4) and

ischarge (oxidation of Fe) curves of the nano-Fe3O4/TCNFs syn-
hesized with 0.1 and 0.2 mol  dm−3 Fe(acac)3, respectively. The

−3
lectrolyte used here was 8 mol  dm aqueous KOH solutions. For
he sample synthesized with 0.1 mol  dm−3 Fe(acac)3, only a short
lateau at about −0.72 V was observed in the first discharge curve,
ut this disappeared in the following cycles. The discharge capac-
ces 196 (2011) 8154– 8159 8157

ity decreased from the initial 170 mAh  g−1 to 100 mAh g−1 and
remained at this level in the following cycles, although a charge
capacity of 926 mAh  g−1 was set for the electrode. The material
synthesized with 0.2 mol  dm−3 Fe(acac)3 had different electro-
chemical characteristics, as shown in Fig. 4b. The initial discharge
capacity was found to be 505 mAh  g−1, and two  plateaus at about
−0.92 and −0.72 V were observed in the first discharge curve.
However, the discharge capacity faded rapidly in the following
cycles, and only 50 mAh  g−1 remained in the 30th cycle. From
the discharge curves, it was  easy to see that the capacity fading
was  mainly caused by the shortening of two  plateaus, while the
curve shape showed no significant difference. The electrochemi-
cal reactions of iron in alkaline solution have been reported as the
following [28,29]:

Fe + 2OH− → Fe(OH)2 + 2e−, E0 = −0.975 V vs.Hg/HgO (1)

Fe(OH)2 + OH− → FeOOH + H2O + e−, E0 = −0.658 V vs.Hg/HgO

(2)

and/or

3Fe(OH)2 + 2OH− → Fe3O4·4H2O + 2e−. E0 = −0.758 V vs.Hg/HgO

(3)

Theoretically, the plateau at −0.92 V should be attributed to
Eq. (1) while the one at −0.72 V should be attributed to Eq. (3).
And the reaction shown in Eq. (2) might be involved at the end
of second plateau. However, as Fe(OH)2 is a well-known insu-
later, the course of Fe(OH)2 generation should be taken account
into the reaction shown in Eq. (1).  At the beginning of the dis-
charge process, Fe(OH)2 layer was  formed and accumulated on
the the surface of Fe particles gradually. Accordingly, a higher and
higher overpotential was need for residual inner Fe to be oxi-
dized to Fe(OH)2. But when the potential increased to −0.75 V,
the reaction shown in Eq. (3) started, which induced a gradual
consumption of the Fe(OH)2 layer. So it was  supposed that a bal-
ance between these two  reactions induced the long plateau at
−0.72 V. It meant both reactions shown in Eqs. (1) and (3) might
be involved in the second plateau at −0.72 V. Obviously, the short
plateau appeared at the first discharge curve in Fig. 4a indicates
a shallow reduction/oxidation process of Fe3O4 to Fe(OH)2 during
the first cycling, but no further processing to Fe occurred. The facts
that no plateau was  observed in the following cycles and the capac-
ity was  low implied that no reduction/oxidation of Fe3O4 occurred
during further cycling. This meant that the nano-Fe3O4/TCNF syn-
thesized with 0.1 mol  dm−3 Fe(acac)3 showed no electrochemical
capability in alkaline solution. In the case of the nano-Fe3O4/TCNF
synthesized with 0.2 mol  dm−3 Fe(acac)3, the appearance of
two  plateaus indicated the overall reduction/oxidation pro-
cess of Fe3O4 to Fe. However, during further cycling, these
two  plateaus became short and induced capacity fading. This
phenomenon indicated that the reduction/oxidation of iron in
alkaline solution was gradually suppressed. Basically this phe-
nomenon should be attributed to the evolution of hydrogen from
the electrode.

To improve the electrochemical performance of nano-
Fe3O4/TCNFs as the negative electrode of Fe/air batteries,
0.01 mol  dm−3 K2S was added to the alkaline electrolyte solu-
tion because K2S has been proved to be an efficient additive in
alkaline solutions to increase iron electrode capacity. Figs. 5 and 6

show the initial 30 charge/discharge curves and capacity reten-
tion of the nano-Fe3O4/TCNFs with K2S as electrolyte additive.
Obviously, the electrode capacity and cycling performance were
improved greatly compared with that without the additive. For
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Fig. 6. The charge/discharge cycling profiles and capacity retention of nano-
ig. 5. The charge/discharge cycling profiles and capacity retention of nano-
e3O4/TCNF synthesized with 0.1 mol  dm−3 Fe(acac)3 with K2S electrolyte additive.

he sample synthesized with 0.1 mol  dm−3 Fe(acac)3, the initial
ischarge capacity was 646 mAh  g−1, and the maximum value was
86 mAh  g−1 at the 7th cycle. Moreover, the capacity remained
t about 676 mAh  g−1 even after 30 cycles, which meant a good
ycling performance. Besides, two stable plateaus at −0.77 V
nd −0.90 V in the discharged curves indicated steady reduc-
ion/oxidation reactions of iron during cycling. As for the sample
ynthesized with 0.2 mol  dm−3 Fe(acac)3, similar electrochemical
ehavior was obtained although the highest capacity was slightly

ower, at 649 mAh  g−1, and the cycling efficiency decreased to 44%
fter 30 cycles. All these phenomena proved the excellent elec-
rochemical characteristics of the nano-Fe3O4/TCNF composites
ith K2S electrolyte additive, which were much better than those

f the Fe2O3/TCNF composites in the same conditions [10]. The
mprovement might be attributed to the additional downsizing of
ctive materials and the rather high conductivity of Fe3O4 [30,31].
he mean particle size of Fe2O3 in the Fe2O3/TCNF composites was
0 nm,  which was larger than that of the Fe3O4/TCNF composites

n the present study. Moreover, Fe3O4 is known as an iron oxide
ith rather high electrical conductivity, so the junction problem

etween the particles and carbons became nonsignificant, unlike
hat for the Fe2O3/TCNF composites [10,15].  On the other hand,

omparing Figs. 5 and 6, obviously the nano-Fe3O4/TCNF synthe-
ized with 0.1 mol  dm−3 Fe(acac)3 showed better electrochemical
haracteristics than that synthesized with 0.2 mol  dm−3 Fe(acac)3.
his phenomenon also suggested the downsizing of the active
Fe3O4/TCNFs synthesized with 0.2 mol dm−3 Fe(acac)3 using the K2S-added
electrolyte.

materials to a few nm was  effective at improving the electro-
chemical behavior of the iron electrodes in an alkaline aqueous
solution.

When the alkaline solution was  applied as an electrolyte in
the Fe/air battery, hydrogen evolution (electrochemical reduction
and subsequent desorption) was unavoidable during the electro-
chemical cycling even though the cut-off voltage was controlled
at −1.15 V instead of −1.2 V in this work. Obviously, the hydro-
gen evolution was a competitive reaction in relation to the iron
reduction/oxidation reactions. K2S had been successfully applied
as an electrolyte additive to suppress hydrogen evolution from
the Fe/C mixed electrode of a Fe/air battery with alkaline elec-
trolyte [9].  In this work, the application of K2S was  efficacious
in improving the cycling performance of the nano-Fe3O4/TCNFs.
Therefore, hydrogen evolution was deduced to be the main culprit
for the capacity fading of the nano-Fe3O4/TCNFs in the alkaline elec-
trolyte (Fig. 4). When hydrogen was generated and escaped from
the electrode surface during cycling, Fe3O4 particles were peeled
off from the surface of the TCNFs. This phenomenon caused the
capacity fading. Because the Fe3O4 particles in nano-Fe3O4/TCNFs
synthesized with 0.1 mol  dm−3 Fe(acac)3 were smaller than those

−3
synthesized with 0.2 mol  dm Fe(acac)3, they were more easily
peeled off from the TCNF surface (Fig. 4a). So a drastic capacity fad-
ing was obtained (Fig. 4a) with the nano-Fe3O4/TCNFs synthesized
with 0.1 mol  dm−3 Fe(acac)3. In contrast, the nano-Fe3O4/TCNFs
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ynthesized with 0.2 mol  dm−3 Fe(acac)3 showed only gradual
apacity fading (Fig. 4b). When K2S was added into the alkaline elec-
rolyte, the hydrogen evolution reaction was retarded by the sulfide
on. The S2− additive was adsorbed at the electrode/electrolyte
nterface and then the molecular recombination reaction (step
III)) was inhibited by S2− ion chemisorption [32]. Another possi-
le reason is that the change in surface species in the K2S-added
lectrolyte likely influences the overpotential of the hydrogen
volution reaction [33]. As the hydrogen evolution reaction was
etarded, Fe3O4 particles could be kept on the TCNF surface more
ightly, thereby improving the electrochemical properties of the
ano-Fe3O4/TCNFs.

. Conclusions

Nano-Fe3O4-loaded tubular carbon nanofibers (nano-
e3O4/TCNF) were synthesized by a convenient process of adding
he TCNF into organic-phase reactions of iron(III) acetylaceto-
ate with 1,2-hexadecanediol in the presence of oleic acid and
leylamine. The Fe3O4 particles of several-nanometer diameters
ere dispersed and loaded tightly on the carbon surface. After

eing annealed at 500 ◦C in Ar flow, the nano-Fe3O4/TCNFs were
pplied as the active material of the negative electrode for Fe/air
atteries. In an alkaline aqueous electrolyte with 0.01 mol dm−3

2S additive, a high specific capacity of 786 mAh  g−1 and cycling
fficiency of 76% at the 30th cycle were obtained. These properties
ere much better than those of the Fe2O3-loaded TCNFs prepared

y aqueous-phase synthesis using iron nitrate hydrates. The
ownsizing of the conductive Fe3O4 nanoparticles was considered
o have contributed to the good electrochemical properties of
he material. Nano-Fe3O4/TCNF composites were found to be
romising candidates for the active material in electrochemical
evices.
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