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a b s t r a c t

Composite electrode materials of FeOOH-based particles and carbon powder were prepared with and
without heat treatment of composite powder. The composite powder was obtained by hydrolyzing mixed
aqueous solutions of FeCl3, Ti(SO4)2 and electron conducting carbon powder as acetylene black (AB) or
Ketjen black (KB). FeOOH-based materials formed in the presence of Ti(IV) ions became amorphous
and/or low crystalline structure. The composite powder worked as lithium insertion electrode materials
eywords:
ithium cell
omposite electrode material
eOOH
igh-rate charge–discharge
morphous

in lithium cells using nonaqueous electrolytes including lithium ions. The electrodes exhibited a good
cycle performance at large charge–discharge current densities over 5 mA cm−2 (4 A g−1 per weight of
active material). In addition, it was found that the cycle performance was effective process to be improved
by the heat treatment of the composite materials. The composite materials such as amorphous FeOOH,
�-Fe2O3, TiO2 and electron conductive powder obtained by the heat treatment are one of the promising
candidates as electrode materials for energy storage devices, such as lithium-ion batteries and hybrid

acito
ron oxide electrochemical supercap

. Introduction

Energy storage devices of high-rate charge–discharge opera-
ions have been strongly demanded to use as power sources of
ybrid cars or electric vehicles. For example, there are researches
o enhance the energy density of electric double layer capaci-
ors (EDLC) comprised of active carbon electrodes and the power
ensity of lithium-ion secondary batteries comprised of lithium

ntercalation electrodes. In addition, a nonaqueous asymmetric
ybrid electrochemical supercapacitor comprised of active carbon
s the positive electrode material, lithium intercalation mate-
ial (Li4Ti5O12) as the negative electrode, and the nonaqueous
olution including lithium ions (1 mol dm−3 LiPF6 in 2:1 vol-
me ratio of ethylene carbonate (EC):dimethyl carbonate (DMC))
as reported to exhibit high power and high energy density

1]. In this case, nano-structured Li4Ti5O12 exhibited high capac-
ty even at high-rate charge–discharge. The energy density of
he new devices was consequently greater than that of EDLC.
hus, it is very important to use excellent high-rate intercala-

ion electrode materials for an asymmetric hybrid electrochemical
upercapacitor.

Composite powders of transition metal oxides such as TiO2 [2],
nO2 [3] and �-Fe2O3 [4] and electron conducting carbon powder
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such as acetylene black (AB) have recently been synthesized and the
new electrodes consisting of them have exhibited good high-rate
intercalation performances in nonaqueous electrolytes including
lithium ions. On the other hand, Amine has reported that crystalline
�-FeOOH with a (2 × 2) tunnel-type structure, which is inexpensive
and harmless material, has worked as a positive electrode material
for lithium secondary batteries [5]. The low-crystalline �-FeOOH
positive electrode showed a discharge capacity of 230 mAh g−1 in
the potential range of 4.3 V and 1.6 V vs. Li/Li+ and better cycle
performance than the high-crystalline one [6].

We have reported that composite electrode materials con-
sisted of needle-like fine particles of high crystalline �-FeOOH
with a (2 × 2) tunnel-type structure and carbon powder have
been prepared by hydrolyzing 0.1 mol dm−3 FeCl3 aqueous solu-
tion in which carbon powder were dispersed at low temperature
of 80 ◦C, and have exhibited good high-rate charge–discharge per-
formances in nonaqueous solutions including lithium ions [7]. For
an enhancement of the electrode performances during high-rate
charge–discharge, it will be necessary to prepare the fine par-
ticle and to improve a stabilization of crystalline structure for
the lithium insertion–extraction and an electric conductivity of
�-FeOOH. �-FeOOH particles have been synthesized from FeCl3

aqueous solutions containing Ti4+, Cr3+, Cu2+, and Ni2+ and their
structures have been investigated [8]. Ti4+ inhibited crystalliza-
tion and particle growth of �-FeOOH by coprecipitation with
Fe3+. Composite electrode materials prepared by using FeCl3 aque-
ous solution containing Ti4+ will be advantageous for a high-rate

dx.doi.org/10.1016/j.jpowsour.2011.03.033
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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decreased without any step with an increase in time. The discharge
behavior of the composite electrode material formed with Ti4+

was similar to that of the lithium insertion amorphous electrode
materials. Such the results may be consistent with the view that
H. Morimoto et al. / Journal of P

harge–discharge because they will give a fast diffusion speed and
short diffusion length of lithium ions.

In this paper, composite materials consisted of fine powder of
eOOH–TiO2 and carbon powder were prepared by a hydrolysis
ethod using FeCl3 aqueous solution containing Ti4+ in which elec-

ron conducting carbon powder (AB or KB) was dispersed. Then
eat treatment was carried out the carbon composite materials.
he high-rate charge–discharge performance was estimated, and
he effects on the addition of Ti transition metal were investigated
y comparison with composite electrode materials containing crys-
alline �-FeOOH formed without the presence of Ti(IV) ions.

. Experimental

FeCl3·6H2O (Kanto chemical) and ca. 27% Ti(SO4)2 (aq.) (Kanto
hemical) were used as starting materials. FeCl3 (aq.) prepared by
issolving FeCl3·6H2O in distilled water and Ti(SO4)2 (aq.) were
ixed in nominal element ratio of Fe:Ti = 9:1 (Ti/(Fe + Ti) = 0.1).
fter the solution was stirred for 24 h at 80 ◦C, the powder formed

n the solution was collected by the centrifugal separator. It was
ashed with distilled water. Then acetylene black (AB: specific

urface area 68 m2 g−1) or Ketjen black (KB: specific surface area
270 m2 g−1) as carbon powder was put and dispersed in the solu-
ions. It was stirred for 24 h at 80 ◦C and the powder in the solution
as removed by filter and washed with distilled water. Then heat

reatment was carried out for 1 h at 350 ◦C in air. Composite pow-
er of crystalline �-FeOOH and AB was obtained by means of the
ydrolysis of 0.1 mol dm−3 FeCl3 (aq.) [6]. Composite powder of
-Fe2O3 and AB was prepared by heat treatment of composite pow-
er of �-FeOOH and AB. A content of the active material in the
omposite powder was determined from the weight change. X-ray
iffraction measurements were carried out to examine crystalline
tructure. The electrodes consisting of the composite materials
ere prepared from the slurry of the composite powder (90 wt%)

nd polyvinylidene fluoride (PVdF, 10 wt%) dissolved in N-methyl
yrrolidinone (NMP) as a binder. The electrode material slurry
pread on the nickel mesh of the collector was dried at 80 ◦C. It
as pressed and dried in vacuum at 120 ◦C. It was used as a work-

ng electrode. Lithium sheet of ca. 500 �m in thickness was used
s a counter electrode and a reference electrode. The mixture of
ropylene carbonate (PC) containing 1 mol dm−3 LiClO4 was used as
he electrolyte. Electrochemical three-electrode cells (beaker cell)
ere constructed in a dry argon-filled glove box. The electrochem-

cal cells were discharged and charged between 1.5 and 4.0 V (vs.
i/Li+) under various constant current densities. Cyclic voltamme-
ry (CV) measurements were carried out between 1.0 and 4.0 V (vs.
i/Li+) at room temperature.

. Results and discussion

Fig. 1 shows X-ray diffraction patterns of products formed
ith and without Ti4+. The carbon powder is not in the prod-
cts. The �-FeOOH peaks of powder formed in a solution without
i(SO4)2 are sharp. The peaks of sample prepared by hydrolyzing
f FeCl3 + Ti(SO4)2 (aq.) became broad. The weak peaks con-
ributed to anatase-TiO2 appear. Therefore their results mean that
he powder of amorphous and/or low crystalline �-FeOOH and
natase-TiO2 (amorphous FeOOH-based materials) were formed.
imilar results were obtained for carbon composite material pre-
ared by hydrolyzing FeCl3 + Ti(SO4)2 (aq.) except that the week
eaks contributed to �-FeOOH were detected. It was confirmed by

canning electron microscope (SEM) observations that the addi-
ion of Ti(SO4)2 has changed the shape of particles and decreased
article size as shown in Fig. 2. The results of XRD measurements
nd SEM observations suggested that both crystalline structure and
he shape of particles were changed by adding of Ti(SO4)2. Fig. 3
Fig. 1. X-ray diffraction patterns of products formed with and without Ti4+. The
samples are free from carbon.

shows TEM images of the AB composite powder of �-FeOOH and
amorphous FeOOH-based powder. It was found that morphology
of particle of the AB composite powder of amorphous FeOOH-
based powder made by adding Ti(SO4)2 is different compared with
that of the particle of the AB composite powder of �-FeOOH. The
content (wt%) of the deposit in the composite powder was esti-
mated from the difference between the weight of carbon powder
(AB) using as a starting material and the weight of the carbon
composite material. The content of the deposit in composite pow-
der formed with and without Ti4+ was calculated to be around
25 and 19 wt%, respectively. Fig. 4 shows first charge–discharge
curves of carbon composite electrodes formed with and without
Ti4+. The abscissa in Fig. 4 was drawn as a capacity per weight
of the deposit (active material) in the composite electrodes. The
composite electrodes exhibit the high capacity over 150 mAh g−1

at the high current density of 5.0 mA cm−2. Their curves show
the different potential behavior. The discharge potential gradually
Fig. 2. SEM images of �-FeOOH and amorphous FeOOH-based powder.
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Fig. 3. TEM images of (a) the AB composite powder of �-FeOOH and (b) amorphous FeOOH-based powder.
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ycle performance of the composite electrode formed with Ti4+ is
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iffraction measurement that the crystalline structure of �-FeOOH
fter charge–discharge measurement has been broken. It can be

resumed that the amorphous and/or low crystalline samples of
-FeOOH inhibit the volume change in the insertion–extraction

eaction of lithium ions for the electrodes and bring about the
ormation of the fine particles to maintain better electronic con-
act during charge–discharge. Therefore the composite electrode
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Fig. 6. First charge–discharge curves of the composite material formed in a solution
including Ti(SO4)2 at the various current densities (1, 5, and 10 mA cm−2).

formed with Ti4+ must exhibit the good cycle life. Fig. 6 shows first
charge–discharge curves of the composite material formed with
Ti4+ at the various current densities (1.0, 5.0, and 10 mA cm−2). The
composite material works as a rechargeable electrode and exhibits
the high capacity over 125 mAh g−1 even at the high current density
of 10 mA cm−2 (around 7.5 A g−1). Fig. 7 shows cycle performances
of composite electrodes formed with Ti4+ at the constant current
densities of 5.0 and 10 mA cm−2 between 1.5 and 4.0 V. Capacity
retention at the current density of 10 mA cm−2 is superior to that

at the current density of 5.0 mA cm−2. The electrodes show good
cycle life, suggesting that the amount of the lithium insertion into
active material may influence the cycle properties.
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ig. 8. X-ray diffraction patterns of the samples before and after heat treatment of
he composite powder of amorphous FeOOH and AB.

Fig. 8 shows X-ray diffraction patterns of the samples before
nd after heat treatment of the composite powder of amorphous
eOOH and AB. The sample before heat treatment shows the week
eaks due to �-FeOOH and AB in the halo pattern. On the other
and, the sample after heat treatment also shows halo patterns
ut the peaks due to �-FeOOH disappeared and the week peaks
ue to �-Fe2O3 were observed. It was suggesting that the sam-
le should maintain the amorphous structure and �-Fe2O3 was
ormed by thermal decomposition of �-FeOOH at 350 ◦C in air
2 �-FeOOH → �-Fe2O3 + H2O). It was confirmed by scanning elec-
ron microscope (SEM) observations that the particle size before
nd after heat treatment of amorphous FeOOH-based material was
bout 80 nm. Fig. 9 shows FT-IR spectra of the particles before
nd after heat treatment for �-FeOOH and amorphous FeOOH-
ased materials without AB. Spectra due to TiO2 were confirmed by
T-IR measurements for amorphous FeOOH without AB. Thus, for
arbon composite material before heat treatment, it is suggested
hat amorphous FeOOH, �-FeOOH, TiO2 and AB are to present.
or the sample after heat treatment, it suggested that amorphous
eOOH, �-Fe2O3, TiO2 and AB are to present. Component of com-
osite powder of amorphous FeOOH and KB was similar to that
f the composite powder of amorphous FeOOH and AB described
bove. Fig. 10 shows the first cyclic voltammogram of the sam-
les before and after heat treatment of the composite materials
f amorphous FeOOH-based powder and AB powder. Sharp redox
eaks were not observed for both electrodes. The behavior was
haracteristic with regard to that of other amorphous electrodes.
ig. 11 shows first charge–discharge curves of the electrode mate-

ials before and after heat treatment of the composite materials of
he amorphous FeOOH-based powder and AB powder. The abscissa
n Fig. 11 was drawn as a capacity per weight of the FeOOH-
ased amorphous materials (active materials) in the composite
lectrodes. First discharge potential of both composite electrodes

ig. 9. FT-IR spectra of the particles before and after heat treatment for �-FeOOH
nd amorphous FeOOH-based materials without AB.
Fig. 11. First charge–discharge curves of the electrode materials before and after
heat treatment of the composite materials of the amorphous FeOOH-based powder
and AB powder.

gradually decreased without any step with an increase in time
as showed in Fig. 6, suggesting that the electrode materials had
amorphous structures. Fig. 12 shows cycle performance the various
composite electrodes with AB during cycling. Both the composite
electrodes exhibit the capacities over 150 mAh g−1 during first dis-
composite material before heat treatment may be unstable to the
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lectrochemical lithium insertion–extraction during a few cycles
ecause it was conformed by X-ray diffraction measurements
hat crystalline �-FeOOH had been amorphous after 100 cycle for
i/electrolyte/�-FeOOH–AB cell. Li/electrolyte/�-Fe2O3–AB cell, on
he contrary, exhibited good cycle performance but the discharge
apacity (45 mAh g−1) decreased. Since the electrode material
btained by heat treatment of amorphous FeOOH-based material
as free from the crystalline �-FeOOH, the capacity degradation
uring cycling will be inhibited. It may be noted that heat treatment
as effective process to improve the cycle performance. Fig. 13

hows cycle performance of the electrodes before and after heat

reatment of the composite materials of amorphous FeOOH and KB.
he electrodes after heat treatment exhibit the high capacity over
00 mAh g−1 and superior cycle performance. It was found that the
roperties of the composite electrodes depended on the electron
onducting carbon powder.
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4. Conclusions

�-FeOOH formed in the presence of Ti(IV) ions became amor-
phous and/or low crystalline materials. The composite material
containing carbon prepared in the presence of Ti(IV) ions worked as
a lithium insertion electrode in nonaqueous electrolytes including
lithium ions. The electrodes maintained the high capacity at large
charge–discharge current density. Cycle performance of the com-
posite electrode formed in the presence of Ti(IV) ions is superior
to that formed without Ti4+. The capacity retention was excellent
at large charge–discharge current density. The composite materi-
als are one of the promising candidates as electrode materials for
energy storage devices that require high-power operations. We are
studying on a role of Ti transition metal and/or TiO2.

The composite electrode materials of amorphous FeOOH and
carbon were improved by heat treatment under thermal decom-
position temperature of carbon powder. Amorphous FeOOH and
crystalline �-Fe2O3 after heat treatment must be based on the
high stability for electrochemical lithium insertion–extraction. The
composite electrodes of amorphous FeOOH and KB after heat treat-
ment exhibit the high capacity and superior cycle performance.
Since KB powder have higher specific surface area than that of AB
powder, electron and lithium ion conducting network of the com-
posite powder using KB should produce optimum conditions for
electrochemical reactions.
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