
S

S
l

J
G
a

9
b

9
c

a

A
R
R
A
A

K
M
C
L
I
P

1

t
c
p
i
L
c
i
c

m
l
t
H
i
t
s
w

0
d

Journal of Power Sources 184 (2008) 527–531

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

urface-modified maghemite as the cathode material for
ithium batteries

ames Manuela, Jae-Kwang Kima, Jou-Hyeon Ahna,∗, Gouri Cheruvallyc,
hanshyam S. Chauhana, Jae-Won Choia, Ki-Won Kimb

Department of Chemical and Biological Engineering and Engineering Research Institute, Gyeongsang National University,
00 Gajwa-dong, Jinju 660-701, Republic of Korea
School of Nano and Advanced Materials Engineering and Engineering Research Institute, Gyeongsang National University,
00 Gajwa-dong, Jinju 660-701, Republic of Korea
Polymers and Special Chemicals Division, Vikram Sarabhai Space Centre, Thiruvananthapuram, Kerala, India

r t i c l e i n f o

rticle history:
eceived 21 December 2007
eceived in revised form 22 February 2008
ccepted 27 February 2008
vailable online 6 March 2008

a b s t r a c t

The inorganic–organic hybrid maghemite (�-Fe2O3)/polypyrrole (PPy) was synthesized and evaluated as
cathode-active material for room temperature lithium batteries. The nanometer-sized core–shell struc-
ture of the hybrid consisting of the maghemite core with surface modified by PPy was evidenced from
the morphological examination. The cathode fabricated with the as-prepared hybrid material deliv-

−1 −1
eywords:
aghemite

athode material

ered an initial discharge capacity of 233 mAh g and a reversible capacity of ∼62 mAh g after 50
charge–discharge cycles. A much higher performance with an initial discharge capacity of 378 mAh g−1

and a reversible capacity of ∼100 mAh g−1 was achieved with the cathode based on the segregated active
material, which was obtained by subjecting the as-prepared hybrid material to an additional ball-milling
process. The study demonstrates the promising lithium insertion characteristics of the nanometer-sized
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. Introduction

The field of advanced power sources is presently dominated by
he lithium battery technology that caters to a multitude of appli-
ations. A lot of research work is being carried out for developing
romising cathode materials for lithium batteries. Although sat-

sfactory discharge capacity and stable cycle life are provided by
iCoO2, there is an increasing demand to replace it by other suitable
athode materials that are non-toxic, inexpensive and more eas-
ly available. Sulfur and iron-based compounds which meet these
riteria are thus very attractive.

Several iron compounds have attracted interest as cathode
aterials including iron oxides, sulfides and mixed metal oxides

ike LiFeO2 and LiFePO4. Among these, the iron oxides are par-
icularly attractive from cost and environmental stand points.
owever, the initial studies with the micrometer-sized crystalline
ron oxide as lithium intercalation electrodes were not reported
o be promising, because of its poor conductivity [1–4]. Nano-
tructured cathode materials such as V2O5 [5] and LiMn2O4 [6]
ere reported to exhibit enhanced electrochemical performance

∗ Corresponding author. Tel.: +82 55 751 5388; fax: +82 55 753 1806.
E-mail address: jhahn@gsnu.ac.kr (J.-H. Ahn).
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ticles prepared under optimized conditions for application in secondary

© 2008 Elsevier B.V. All rights reserved.

ompared to their micrometer-sized counterparts. There are many
eports on the electrochemical performance of the nano-structured
ron oxide materials [7–14]. Xu et al. reported that nano-crystalline
e2O3 with a structure resembling that of �-Fe2O3 exhibited bet-
er Li intercalation properties with improved cyclability compared
o the micro-crystalline �-Fe2O3 [8]. The enhanced properties of
he nano-structured cathodes result from the higher surface area
f the active material, shorter diffusion paths for lithium ions and
nly small dimensional changes go through the particles on cycling.
n addition, the structural defects at/near the surface of the nano-
rystalline materials lead to many sub-band gap states between the
onduction and valance bands, and result in a better adaptation to
he structural changes, as reported by Kwon et al. [15].

Maghemite (�-Fe2O3) is an important crystalline form of Fe(III)
xide. Its nanoparticles have been prepared by different syn-
hetic methods [16,17]. The lithium intercalation property of the
ristine maghemite is not so attractive mainly due to its low
lectrical conductivity. Kwon et al. achieved enhanced electro-
hemical performance using nano-sized core–shell particles of the

norganic–organic hybrid of �-Fe2O3/polypyrrole (PPy), which was
repared by the surface modification of �-Fe2O3 with PPy [15,18].
Py forms a thin layer over the maghemite particles that facilitates
asy transport of electrons and ions, and thus enhances the capacity
nd cyclability of the cell. In the present study, we report the prepa-

http://www.sciencedirect.com/science/journal/03787753
mailto:jhahn@gsnu.ac.kr
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ation of segregated nanoparticles of �-Fe2O3/PPy hybrid material
y adopting an additional ball-milling process. This material exhib-
ted enhanced performance when evaluated as cathode in lithium
atteries operating at room temperature.

. Experimental

Maghemite nanoparticles were prepared by a minor modifica-
ion of the method reported by Massart et al. [16,17]. All chemicals
from Aldrich) were used as received. 14.3 ml aqueous solution of
.21 M FeCl3 (containing 31.6 mmol of FeCl3) and 17 ml of 1.5 M HCl
ontaining 3.14 g FeCl2 (15.8 mmol FeCl2), were added to 350 ml
ater and heated up to 50 ◦C. To this, 34.73 g NH4OH solution

n 30 ml water was added drop-wise under vigorous stirring to
ield magnetite (Fe3O4). The solution was decanted and washed
o remove ammonia, and the Fe3O4 particles (yield 3.6 g) were col-
ected after removing the residual solvents by rotary evaporation at
70 ◦C for 2 h. The product was acidified and oxidized by HNO3 and
e(NO3)3 to yield maghemite, which was washed several times with
ater and followed by washing with acetone and dried at 40 ◦C.

2.0 g of maghemite was taken in a watch glass and the surface
f the particles was made homogenously wet with 1.53 g of liq-
id pyrrole (Py) added using a micropipette. This quantity of Py
as found to be just sufficient for the complete wetting of the
aghemite particle surface. The Py molecules were subsequently

olymerized. For this, the mixture was added to 200 ml ethanol
olution of 0.15 M FeCl3 under stirring and the reaction was con-
inued for 6 h. Maghemite/PPy hybrid material being magnetic was
eparated from the non-magnetic bare PPy by adopting the mag-
etic method. The hybrid particles settled at the bottom, while
he upper layer of PPy was removed by repeated washing with
thanol and acetone. Fourier transform infrared (FTIR) spectra was
ecorded using VERTEX 80v (Bruker Optics) spectrometer. Surface
orphology was studied using scanning electron microscopy (SEM:

hilips XL 30 S FEG and JEOL JSM-5600) and transmission elec-
ron microscopy (TEM: JOEL JEM-2010) operating at an acceleration
oltage of 200 kV. Elemental analysis was carried on CHNS-932
LECO) and thermogravimetric analysis (TGA) was performed in
rgon at a heating rate of 10 ◦C min−1 in the temperature range
0–900 ◦C on a thermobalance model SDT Q600, TA (USA) using Pt
rucibles.

The positive electrode was prepared by mixing the hybrid
aghemite/PPy active material with conductive agent carbon

lack (Super-P) and binder poly(vinylidene fluoride) (PVdF) in
5:15:10 weight ratio. The ingredients were mixed together in N-
ethylpyrrolidone (NMP) solvent in a high energy mixer mill at

oom temperature for 45 min to get homogeneous slurry which
as cast on aluminum foil and dried under vacuum at 80 ◦C for
4 h to get the film of ∼23 �m thickness. The film was cut into cir-
ular discs of area 0.95 cm2 and mass∼3.5 mg for use as the cathode.
ince the nanoparticles of maghemite/PPy hybrid might have a ten-
ency to agglomerate, we prepared another set of cathode based
n a segregated sample of the active material. The maghemite/PPy
articles were subjected to ball-milling for 2 h at 1080 rpm in NMP
olvent at room temperature followed by evaporation to remove
he solvent. In the ball-milling process, a ball-to-powder ratio of
:1 was employed using zirconia balls with a diameter of 5.1 mm

n a hardened steel jar.
Two-electrode electrochemical coin cells were assembled with

ithium metal (300 �m thickness, Cyprus Foote Mineral Co.) as

node, Celgard®2200 separator, 1 M LiPF6 in ethylene carbon-
te (EC)/dimethyl carbonate (DMC) (1:1, v/v) electrolyte and
aghemite/PPy as cathode. The lithium salt and organic sol-

ents were supplied by Aldrich. The cell assembly was performed
nder argon atmosphere in a glove box with H2O level <10 ppm.
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a
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b
a

ources 184 (2008) 527–531

yclic voltammetry (CV) was done at a scan rate of 0.3 mV s−1

etween 1.5 and 4.0 V. Electrochemical performance tests were car-
ied out using an automatic galvanostatic charge–discharge unit,

BCS3000 battery cycler, between 1.5 and 4.0 V at room tem-
erature. The experiments were performed at a current density
orresponding to 0.1 C (0.066 mA cm−2).

. Results and discussion

The nano-sized particles of the maghemite/PPy hybrid material
ave been confirmed by morphological observations (Fig. 1). The
EM image shows that the hybrid material is made up of spheri-
al particles which have a tendency to agglomerate. The core–shell
ature of the hybrid material is not clear from the SEM image of
he sample taken at a lower magnification (scale of 1 �m). A better
nalysis is given by the TEM images in Fig. 1(b) and (c) at 100 and
0 nm scales, respectively. The individual particles are spherical in
hape with a particle size of ∼10 nm. The bright regions between the
arker spheres represent PPy coating over the maghemite particles.
he clear lattice images of the crystalline �-Fe2O3 particles seen in
EM reveal that the core structures of the maghemite nanoparti-
les remain unchanged, while the surfaces is modified with PPy. A
imilar observation has been made by Kwon et al. also in an earlier
tudy on the hybrid material [18]. The segregation of the particles
s evident from the TEM image of the ball-milled hybrid particles
Fig. 1d). It is also evident that the ball-milling does not affect the
Py coating on the particles.

Elemental analysis of the maghemite/PPy hybrid materials was
one to determine the amount of PPy coated on the maghemite. PPy
as calculated to be 12.0% and 12.5% for the as-prepared and balled
ybrid materials, respectively, from the nitrogen content. The ther-
al degradation of PPy is a three-stage process (Fig. 2). From the

GA curves it is apparent that in both the samples all the PPy is lost
efore ∼600 ◦C. From these curves, the weight loss ascribed to PPy
ecomposition corresponds to nearly 11% for both samples, i.e., in
lose agreement with the amount of the PPy obtained from the ele-
ental analysis. The shape of the curves up to 600 ◦C is similar to

hat has been reported in an earlier study for PPy coated on �-Fe2O3
19].

FTIR spectra of maghemite/PPy hybrid material are presented in
ig. 3. The spectra have the characteristic peaks of both maghemite
nd PPy. The peaks in the 400–800 cm−1 region (443, 588, 630 and
92 cm−1) are due to the multiple lattice absorptions of the partially
rdered maghemite [20]. The main characteristic peaks of PPy were
ssigned as follows: the bands at 1620 [N–H bending], 1562 and
465 cm−1 [C C stretching] and those at 1303 and 1100 cm−1 due
o the C–H in-plane deformation, and the band at 1049 cm−1 due
o C–N stretching vibration [21–24]. The broad band at 3430 cm−1

s due to the NH stretching [24].
The positive electrode was fabricated by blending the active

aterial with conductive carbon powder (of approximate size
0 nm) and PVdF binder. The cathode so prepared has a fairly
niform morphology indicating a homogeneous mixing of the

ngredients in the preparation process (Fig. 4). The utilization of
he active material as electrode in a battery is highly dependent
n the particle size and the uniformity of particle size distribu-
ion. Since the maghemite/PPy hybrid particles show a tendency
o get agglomerated because of their nanometer particle size, an
dditional processing step of ball-milling was undertaken to segre-
ate the particles. Thus, the electrochemical performance studies

ere performed with two types of cathodes fabricated with the

s-prepared and ball-milled active materials, respectively. Fig. 5(a)
hows the first cycle CV curves of the cells at room temperature
etween 1.5 and 4.0 V. A multi-step redox process seems to be oper-
ting for the maghemite/PPy cathode material with anodic peaks
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ig. 1. (a) SEM image; (b) and (c) TEM images of as-prepared maghemite/PPy hybrid
aterial.

entered at 2.3 and 3.0 V, and cathodic peaks centered at 2.5 and
.5 V. The CV curve of the ball-milled material exhibits more con-
picuous oxidation and reduction peaks with the higher current
s compared to the as-prepared material. This is attributed to the
nhanced electrochemical activity of the ball-milled, segregated
articles. The segregation of particles results in the exposure of

arger area of the surface of the active material. It also lowers dis-
ance for the lithium ion and electron to diffuse during the redox
rocess. Further, PPy coating improves electronic conductivity of

he material. The CV curves thus indicate a better charge–discharge
erformance of the cell based on the ball-milled hybrid material.
uring repeated cycling, the CV curves follow almost the same pat-

ern, as shown in Fig. 5(b), for the ball-milled material showing
ood reversibility of the redox process.

ig. 2. TGA curves of as-prepared and balled-milled maghemite/PPy hybrid mate-
ials.

∼
l
m
d
a

ial at different magnifications; (d) TEM image of ball-milled maghemite/PPy hybrid

The first step in utilizing nano-structured maghemite as a
athode material in lithium battery is lithium insertion into
ts structure. As reported in earlier studies, lithium insertion
egins with the electrochemical grafting of lithium ions, which

s promoted by the structural defects at/near the nanocrystalline
urface [15]. The process of electrochemical lithium insertion into
aghemite having a defective spinel structure has been reported

n earlier studies [18,25]. The process starts with the filling of octa-
edral vacancies in the structure. This is followed by a plateau at

2.7 V due to the structural transformation into a layered rock-salt

ike structure and lithium insertion into 16c sites. This involves a
ajor rearrangement of 8a tetrahedral Fe3+ ions to the 16c octahe-

ral sites. Finally the lithium ions enter the remaining 16c sites with
drop in voltage to 1.3 V. Thus, the discharge process of pristine

Fig. 3. FTIR spectra of maghemite/PPy hybrid material.
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ig. 4. SEM image of the composite cathode based on ball-milled maghemite/PPy
ybrid.

aghemite showed a distinctive voltage plateau at 2.7 V in these
tudies. In contrast, when maghemite/PPy hybrid is used as the
ctive material, the potential decrease is smooth with a less obvi-

us discharge plateau at 2.7 V [15,18]. A similar observation is also
ade in the present study. Thus, nearly smooth charge–discharge

urves for the first cycle are obtained for the lithium cell with the
ore–shell hybrid cathode, as shown in Fig. 6. This difference in
ehavior between pristine maghemite and maghemite/PPy hybrid

ig. 5. (a) CV curves during the first cycle of as-prepared and ball-milled
aghemite/PPy hybrids and (b) CV curves during cycling of ball-milled
aghemite/PPy hybrid (0.3 mV s−1, 25 ◦C, 1.5–4.0 V).
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ig. 6. Specific capacity curves for the first cycle of lithium cells based on as-
repared and ball-milled maghemite/PPy hybrids as cathode materials (25 ◦C,
.5–4.0 V, 0.1 C-rate).

aterial is an indication of the change in the electrical properties of
he material brought about by the surface modification [18]. The as-
repared hybrid material delivers a first cycle discharge capacity of
33 mAh g−1 corresponding to the insertion of 1.38 mol of lithium
er mole of Fe2O3. The segregated sample of maghemite/PPy hybrid
aterial delivers a still higher discharge capacity of 378 mAh g−1,
hich is 1.6 times that of the as-prepared sample. The discharge

apacity delivered by the cell during the first cycle at 0.1 C-rate cor-
esponds to the insertion of 2.25 mol of lithium per mol of Fe2O3.
his shows the availability of higher reaction sites in the ball-milled
ample and the more effective transfer of charges taking place at
he electrode, as has been observed in the CV studies also.

The performance of the cells on repeated charge–discharge
ycling at 0.1 C-rate is shown in Fig. 7. There is a fast decrease
n the specific capacity during the initial cycles, especially up
o 5 cycles, thereafter the capacity decreases slowly and then
ends to stabilize after ∼20 cycles. The cell with the ball-milled

aghemite/PPy hybrid as the active material exhibits a discharge
apacity of 103 mAh g−1 after 50 cycles, which is ∼80% of the capac-
ty attained after 20 cycles, 128 mAh g−1. The mismatch between

he charge and discharge capacities is high during the initial cycles
howing irreversible loss of the active material. However, the dif-
erence in the values gets closer as the cycling progresses and a
oulombic efficiency >90% is attained after ∼8 cycles. Thus, the

ig. 7. Cycle performance of lithium cells based on as-prepared and ball-milled
aghemite/PPy hybrids as cathode materials (25 ◦C, 1.5–4.0 V, 0.1 C-rate).
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ell with the cathode based on ball-milled maghemite/PPy hybrid
aterial shows a stable and reversible capacity of ∼100 mAh g−1.
similar trend in cycle performance is exhibited by the cell based

n the as-prepared maghemite/PPy hybrid material as cathode, but
elivers a lower specific capacity. This cell has a discharge capac-

ty of 105 mAh g−1 after 20 cycles and 62 mAh g−1 after 50 cycles.
he comparison shows that the segregation of the agglomerated
anoparticles of maghemite/PPy hybrid material improves its elec-
rochemical performance which leads to a reversible capacity for
he cell that is ∼1.6 times greater than that of the material based
n the agglomerated hybrid.

. Conclusions

The inorganic–organic hybrid material of maghemite/PPy
as been synthesized as particles of ∼10 nm size with the core
tructure of Fe2O3 remaining intact and the surface being modified
ith PPy. The particles show electrochemical activity characteristic

f nano-sized Fe2O3 when evaluated in lithium metal batteries
t room temperature at 0.1 C-rate. An initial discharge capacity
f 233 mAh g−1 corresponding to 1.38 mol of lithium per mol of
e2O3 is obtained with the as-prepared material-based cathode.
or enhancing the performance, the material was subjected to a
igh energy ball-milling step which segregates the agglomerated
articles leading to an increase in the surface area and a short-
ning of the ion and electron diffusion lengths. The cell based
n the segregated active material as cathode delivered an initial
ischarge capacity of 378 mAh g−1 and a stable and reversible
apacity of ∼100 mAh g−1 after 50 cycles. The study shows that the
urface-modified nano-sized maghemite particles prepared under
ptimized conditions could serve as a low cost, yet efficient cath-
de material for lithium batteries with satisfactory performance
t the low current densities.
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