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bstract

Surface treatment of nano-crystalline �-Fe2O3 was examined to improve its electrochemical performances for lithium battery. Removal of
esidual phases on the surface by chemical oxidation with NO2BF4 was confirmed by TG measurement and FT-IR spectroscopy, and the process
mproved charge–discharge characteristics; higher capacity and better reversibility were obtained. The charge–discharge mechanism was studied

y X-ray diffraction measurement and Mössbauer spectroscopy. The reversible charge–discharge reaction of the nano-size �-Fe2O3 was proceeded
y a phase transition between the spinel and the disordered rock-salt type, which was previously claimed to be an irreversible process for the bulk
aterials. The nano-size effect of the phase transitions and the charge–discharge mechanism will be discussed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Iron based materials are one of the most ideal cathodes for
ithium secondly batteries because of its low cost and low envi-
onmental impact, in comparison with cobalt or nickel based
athode materials containing heavy metals as an active reac-
ion center. Many types of materials have been prepared, such
s �-Fe2O3 [1–4], �-Fe2O3 [5,6], Fe3O4 [7], LiFeO2 [8–14],
iFePO4 [15–19]. Among these materials, simple iron oxides,
-Fe2O3, Fe3O4 and �-Fe2O3, have been considered to be dif-
cult for the use of cathode materials, because the lithiation
t the first discharge process caused a phase transition from
he corundum/spinel to the disordered rock-salt type [5], and
he extraction of lithium from the rock-salt phase was diffi-
ult due to the irreversible transition process. However, we
ecently proposed that the nano-particles of �-Fe2O3 showed
ood reversibility for lithium battery cathode reaction.
The maghemite, �-Fe2O3, has the spinel structure with iron
ccupying both tetrahedral and octahedral sites, and vacancy at
he octahedral site. Although the spinel structure has been con-
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idered to be suitable for high lithium-ionic diffusion through
he pathway between 8a tetrahedral – 16c interstitial octahe-
ral – 8a tetrahedral sites, the iron situated at the tetrahedral
ite blocks the lithium ion diffusion in �-Fe2O3, thus leading
o poor cathode characteristics. The �-Fe2O3 showed an irre-
ersible transformation from the spinel to the rock-salt structure
ccompanied by the lithiation process, which caused low cycling
haracteristics for lithium battery electrodes. In order to over-
ome the irreversible characteristics, we synthesized nano-size
-Fe2O3 and clarified its electrochemical properties [20]. We
ound that the irreversible phase transformation was suppressed
or the nano-size materials, and the reversible lithium intercala-
ion and de-intercalation proceeded by a topochemical reaction.
owever, only a low reversible capacity was observed, although

elatively a large value of 230 mAh g−1 was obtained for the first
ischarge capacity.

There are several possibilities that caused low reversible char-
cteristics. (i) Protons adsorbed on the surface of the particles
eact with lithium. (ii) Lithium insertion and extraction reactions
aused aggregation of nano-size particles, which provided dras-

ic degradation of reversibility. (iii) Impurity phases still exist
n the nano-particle surface, which were deposited during the
ynthesis process, and the surface purification treatment was not
fficient to remove these phases. We supposed that the surface
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rotons or impurity phases might be the main reasons for its low
eversible characteristics, because the particles had very small
ize (under 8 nm) and large surface area (140 m2 g−1) without
ny morphology changes after the lithiation experiments.

In the present study, the effect of chemical oxidation for
ano-size �-Fe2O3 was examined. The nano-particles synthe-
ized by the Hyeon’s method [21] were treated by chemical
xidation using NO2BF4. The electrochemical properties exam-
ned for �-Fe2O3 after the oxidation process provided better
ycling characteristics with reversible phase transition between
he spinel and the rock-salt structures, which was previously
laimed to be irreversible process.

. Experimental

Nano-size �-Fe2O3 was synthesized by mild oxidation of
e(CO)5 using a method reported previously [21]. Fe(CO)5
1.0 ml) was added to a mixture of 50 ml of octylether and 2.4 ml
f oleic acid, used as surfactant, at 100 ◦C. The solution was
efluxed for 1 h. After cooling to room temperature, 1.7 g of
ehydrated trimethylamin N-oxide as oxidant was added. The
olution was heated again to 130 ◦C and the temperature was kept
or 2 h. Then, the reaction temperature was slowly increased up
o the reflux point, and was kept for 1 h. All the processes were
erformed in an Ar atmosphere. After cooling to room tem-
erature, excess ethanol was added. The black precipitate was
entrifuged for isolation, and washed with ethanol. The prod-
cts obtained were heat treated at 150 ◦C for 20 h in an oxygen
tmosphere to remove impurity phases on the surface.

The chemical oxidation was carried out at room temperature.
he iron oxides were stirred with NO2BF4 in an acetonitrile for
4 h in an inert atmosphere of Ar gas flow. After the reaction,
he precipitate was centrifuged for isolation, washed with ace-
onitrile to remove oxidant and the other products, and dried in a
acuum at 60 ◦C for one night. These samples were characterized
y scanning electron microscopy (Hitachi Co., S-4800), FT-IR
pectroscopy (NICOLET, NEXUS 670 FT-IR), X-ray diffrac-
ion (XRD) measurement (Rigaku, RU-200, 12 kW) with an Cu
� radiation, and TG-DTA measurement (SII, TG/DTA6300,
XSTAR6000) with a heating rate of 5 ◦C min−1 up to 500 ◦C

n air.
Electrochemical characteristics of the nano-particles were

easured at 25 ◦C with a 2032 coin type cell or a test cell
Hohsen Co.) with lithium metal as an anode. The electrolyte
as ethylene carbonate (EC)–diethyl carbonate (DEC) with a
olar ratio of 3:7 as a solvent and a supporting electrolyte of
M LiPF6. The cathode was a mixture of �-Fe2O3:acetylene
lack:poly(vinilidene fluoride) (PVdF), with a weight ratio of
:2:1. The mixture was dispersed into N-methyl-2-pyrrolidinone
NMP), and the slurry was cast on an Al foil to form an electrode.
he electrode was dried at 80 ◦C in a vacuum before supplying

or electrochemical tests.
. Results and discussion

Chemical oxidation is one of the effective techniques of di-
rotonation and to remove residual impurity phases. We chose

e
p
p
f

ig. 1. XRD patterns of nano-size �-Fe2O3, before (bottom) and after (top)
hemical oxidation.

O2BF4 as an oxidant and acetonitrile as an aprotic solvent.
O2BF4 is a strong oxidant with an oxidation potential higher

han 5 V, which is efficient to obtain high-oxidized materials
22]. The nano-particles of �-Fe2O3 were treated with the chem-
cal oxidation. Fig. 1 shows the XRD patterns of nano-size
-Fe2O3 before and after the chemical oxidation. No significant
hange was found in the diffraction patterns with the chem-
cal oxidation. The lattice parameters were calculated to be
= 8.3472(6) and 8.3472(7) Å for the samples before and after

he oxidation, respectively, indicating no changes in the bulk
tructure with the chemical oxidation process. Fig. 2 shows SEM
mages of the nano-size �-Fe2O3 before and after the chemical
xidation process. No morphology change with the chemical
reatment was confirmed. These results indicate that the chem-
cal oxidation process caused no influence on the structures,
article size, and morphology of �-Fe2O3. Fig. 3 shows the TG
urves of nano-size �-Fe2O3 before and after the chemical oxi-
ation together with the sample after immersed in acetonitrile.

weight loss of 9 wt.% was observed for the sample before
hemical oxidation and treated with acetonitrile. As the samples
reated with NO2BF4 showed a weight loss of about 6 wt.%,
bout 3 wt.% of residual impurity phase was removed by the
xidation.

The TG measurements indicated that the phase synthesized
y the Hyeon’s method contained an impurity phase which
ould be removed both by thermal treatment and the chemical
xidation process. In order to characterize the impurity phase,
he phase was tried to be extracted from the coarse products
y bulb-to-bulb distillation using Kugelrohr (Aldrich Co.) at
20 ◦C under vacuum condition [23]. The composition analy-
is of the extracted product using FT-IR, TG-MS, 1H NMR and
3C NMR suggests that the phase was composed of a mixture of
acromolecule compounds, such as dimer of oleic acid, amide

ompounds made from oleic acid and trimethylamin N-oxide.
owever, the precise composition was not able to be determined.
ig. 4 shows the FT-IR spectra of nano-size �-Fe2O3 before
nd after the chemical oxidation process, and a residual phase

xtracted by the distillation process. The IR spectra showed
eaks around 2900 cm−1 characteristic of the residual impurity
hase. After the chemical oxidation, these peaks disappeared
or the nano-size �-Fe2O3, indicating that the surface impurity
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Fig. 2. SEM images of �-Fe2O3, before (a) and after (b

Fig. 3. TG curves of nano-size �-Fe2O3, before chemical oxidation (bottom),
after chemical oxidation (top) and after immersed in acetonitrile solution. For
clarity, the data for acetonitrile treatment and before chemical oxidation are
offset 1 and 3%, respectively.

Fig. 4. FT-IR spectrum for nano-size �-Fe2O3, before chemical oxidation (mid-
dle), after chemical oxidation (bottom), and the impurity phase extracted by
evaporation method (top). Impurity phase was observed for the sample before
chemical oxidation.
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) chemical oxidation. Magnification: ×800,000.

hase was removed by the chemical oxidation treatment. On the
ther hand, no significant changes were observed for the peaks
round 1380 and 1640, and 3400 cm−1, which correspond to
2O, and O(OH) on the surface, respectively. These results

ndicate that the chemical oxidation was efficient to remove the
mpurity phase on the surface of nano-size �-Fe2O3 particles,
ut the process was not efficient to remove protons which were
dsorbed or chemically bonded on the surface.

Fig. 5 shows the first discharge curves of the nano-size
-Fe2O3 before and after the chemical oxidation process.
he cut-off voltage was 1.0 V. The discharge capacities
f 200 mAh g−1 for the sample before chemical oxidation
ncreased to 236 mAh g−1 after the treatment; about 18% of its
ischarge capacity was increased with the chemical oxidation
rocess. Fig. 6 shows the ex situ XRD patterns of the chem-
cally oxidized �-Fe2O3 and the lithiated �-Fe2O3. The XRD
atterns of the lithiated �-Fe2O3 were measured for the sam-
les after discharged to a fixed voltage (2.0–1.0 V in the figure),
nd the sample after charged from 1.0 to 4.0 V (4.0 V in the

gure). During the discharge process above 1.2 V, no signifi-
ant changes in the diffraction patterns were observed; only a
light peak shift to the lower angles was found. For the sam-

ig. 5. First discharge curves for nano-size �-Fe2O3 before chemical oxida-
ion process (dotted line) and after chemical oxidation process (solid line).
onditions: cut-off voltage, 1.0 V; current density, 50 �A cm−2.
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observed; a reaction between lithium and the surface caused
an irreversible reaction. The irreversible capacity was about
75.3 mAh g−1, which corresponds to the nominal composition
of 0.45 Li for �-Fe2O3.
ig. 6. XRD patterns of nano-size �-Fe2O3, before and after the discharge
rocess. The mark (�) indicates the current collector or XRD holder.

le discharged to 1.0 V, new peaks appeared around 2θ = 37◦
nd 43◦ attributed to the disordered-rock-salt phase, which indi-
ates a phase transformation from the spinel to the disordered
ock-salt phase. We reported previously that the irreversible
pinel-rocksalt phase transformation was suppressed by making
ano-particles, while the micro-size particles showed the irre-
ersible spinel-rocksalt phase transition [20]. However, a larger
mount of lithium inserted into the nano-particles by the surface
reatment of chemical oxidation caused a phase transformation
rom the spinel to the rock-salt type. The amount of the rock-salt
hase produced from the spinel structure was estimated by fit-
ing XRD patterns with the Rietveld method [24]; a ratio of the
pinel/rock-salt phase was determined to be 0.2/0.8. The fitting
attern of the sample discharged to 1.0 V is shown in Fig. 7.

Fig. 8 shows Mössbauer spectra of the nano-size �-Fe2O3
efore and after the discharge processes. The nano-size �-Fe2O3
efore discharge showed the existence of Fe(III), while a mixed
alence state was observed with a ratio of Fe(III)/Fe(II) = 57/43
fter the discharge. Bonnet et al. [5] reported that the transforma-
ion from the spinel to the disordered rock-salt phase proceeded
hen the amount of 0.87 Li was reacted with �-Fe2O3 in the
ulk crystalline materials. Assuming that the lithium content
f the rock-salt phase was 0.87, the composition of the spinel

hase was calculated to be Li0.82Fe2O3 using the amount of
pinel/rock-salt phase ratio and the Fe(III)/Fe(II) ratio deter-
ined by XRD and Mössbauer spectroscopy, respectively. The

F
c

ig. 7. Rietveld refinement pattern of lithiated �-Fe2O3 to a cut-off voltage
f 1.0 V. The diffraction angles near the peaks due to current corrector and
iffraction holders were excluded from the calculation.

RD pattern fitting analysis for the sample after charge to 4.0 V
rovided a spinel/rock-salt ratio of 0.5/0.5, clearly indicating that
he disordered rock-salt phase transformed again to the spinel
tructure with the charge process; the reversible spinel/rock-salt
ransformation was found for our ultra fine nano-particles.

Fig. 9a shows charge–discharge curves of the nano-size �-
e2O3 after the chemical oxidation with a current density of
0 �A cm−2 (about 0.7 C rate) and cut-off voltages of 1.0 and
.0 V for the discharge and charge, respectively. Fig. 9b shows
he cycling characteristics of �-Fe2O3 before and after the chem-
cal oxidation. The chemical treatment improved the cycling
haracteristics. However, a large irreversible capacity was still
ig. 8. Mössbauer spectra of nano-size �-Fe2O3. Initial state (a) and after dis-
harge process (b) down to 1.0 V vs. Li/Li+.
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ig. 9. (a) Charge–discharge curves of nano-size �-Fe2O3. Conditions: cut-off
oltage: 1.0 and 4.0 V; current density: 50 �A cm−2. (b) Cycle number depen-
ence of charge–discharge capacities of nano-size �-Fe2O3 before and after
hemical oxidation process.

In the present study, we indicated the importance of surface
onditions and phase transition mechanism of the nano-particles
or electrochemical reactions. As the nano-particles provided
arge surface area, the control of the surface conditions is very
mportant for the electrochemical characteristics. The main
mpurity phase formed during the synthesis process was suc-
essfully removed by our chemical treatment, and the reversible
ithium capacity was improved. However, the FT-IR and TG
haracterization of the nano-particles indicated that there are
till residual protons on the surface, and the surface condi-
ion of the nano-particles was found to be an important factor
hat determines both the capacity and reversibility of electrode
haracteristics. We also confirmed the reversible spinel/rock-
alt phase transition for the nano-particles, although a complete
hase change was not observed during the first charge–discharge
ycle for our present samples. Reversible phase transition with
he lithium (de)intercalation into the �-Fe2O3-type spinel struc-
ure may indicate further possibility to improve reversible
apacities of the nano-particles.

. Conclusion

We investigated the effect of chemical oxidation with

O2BF4 for nano-size �-Fe2O3. The chemical oxidation

emoved the residual impurity phase without any changes in
article size and morphology of the nano-particles. The sample
fter chemical oxidation showed larger charge–discharge capac-

[

[
[
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ty with better cycling characteristics. The increase in the amount
f lithium intercalated into the structure (discharge capacity)
aused a phase change from the spinel to the rock-salt struc-
ure. However, the reversible behavior of the spinel/rock-salt
hase transition may indicate a possibility of capacity increase
n the spinel-type iron oxides. The chemical oxidation process
s efficient to improve electrochemical characteristics of nano-
articles with high surface area. However, large surface area
f the nano-particles affects the electrochemical properties and
he control of the surface conditions is an important factor to
mprove the capacity.
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