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In an attempt to enhance the energy storage capacity and discharge voltage, a new cathode material
based on ferrocene and LiF for lithium-ion batteries has been explored [Fe/LiF/C] nanocomposite (1) has
been synthesized by pyrolysis of a ferrocene/LiF mixture at 700°C using a rotating quartz tube setup
in a furnace. The structure and morphology of the composite were investigated by X-ray diffraction
(XRD), scanning electron microscopy (SEM), high resolution transmission electron microscopy (HRTEM),
Brunauer-Emmer-Teller (BET) analysis, Raman, and Méssbauer spectroscopy. The nanocomposite is
composed of well-defined nanotubes which are interlinked by graphitic shell-type structures containing
uniformly distribution of Fe, Fe-C, and LiF nanoparticles. The binder-free nanocomposite cathode showed
enhanced electrochemical performance with the reversible specific capacity of 230mAhg-! (1.3-4.3V)
at 20.8 mAg-! at room temperature. It exhibited a remarkable cyclic stability and good rate capability
performances. The morphology of 1 was changed by ball milling, and the resulting nanocomposite 2 did
not show any cyclic stability as a cathode. Thus, the cyclic stability and rate capability performances of 1
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were attributed to its structure and morphology.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since the last decade, lithium-ion batteries have dominated
commercial applications in a variety of portable electronic devices,
as they afford superior performance in terms of energy storage, as
well as cyclic stability [1-5]. However, their performance is still
low to satisfy the demand for large-scale energy storage applica-
tions such as electric vehicles, or power storage from renewable
energy resources (solar, wind), etc. [3,6]. These applications essen-
tially require batteries having high energy and power density, rate
capability, safety, extended cyclic stability, and low cost [3-6]. As
the performance of a battery depends decisively on the properties
of the electrode materials [7], the development of new materials
that meet the above mentioned requirements is of utmost impor-
tance. Currently many oxides and phosphates have been used as
cathode materials for rechargeable Li-ion batteries through a Li-
ion intercalation process. This process has restricted the reversible
reaction to a single electron transfer per formula unit. The specific
capacities of the state-of-the-art lithium-ion battery cathodes are
currently up to 1770mAhg-1.
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Electrochemical conversion reaction seems to be an alternative
way to attain a large specific capacity by complete utilization of
all the oxidation states of a transition metal compound during the
redox cycle [8]. In recent years, a variety of transition metal binary
compounds such as oxides [8-10], nitrides [11], sulfides [12] and
fluorides [13-21] have been investigated for a large multi-electron
redox capacity through reversible conversion reactions. Of these
compounds, metal fluorides were the first to be studied as conver-
sion cathode materials (Eq. (1))

M™F, +ne~ +nLit =2 M+nLiF (1)

owing to the high operating voltages caused by their high ionic
nature. But, the high ionicity of the M-F bond typically induces a
wide band gap, which leads to a poor electronic conductivity. As
a result, fluoride electrodes suffer greatly from sluggish kinetics.
Among metal fluorides, iron fluoride (FeF3) is of particular inter-
est because of its low cost and low toxicity. The electrochemical
activity of FeF3 was first reported by Arai et al. with a reversible
capacity of 80 mAhg-! in the potential range of 2.5-4.5V for the
Fe3*[FeZ* couple [22]. Later, Badway et al. reported a reversible
cathode by forming carbon metal fluoride nanocomposites by high-
energy ball milling [13]. The nanosized FeF3 composite displayed
a reversible specific capacity as high as 600mAhg-! for Fe3*/Fe?
redox couple (theoretical value 712 mAh g1 [23]) ata voltage range
of 1.5-4.5V with a low current density of 7.58 mAg~1 at 70°C [15].
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Very recently, Li and coworkers have reported a nanometer-sized
FeF3.0.33H,0 cathode prepared by low-temperature ionic liquid
based synthesis, which delivered discharge capacities of about 160
and 126 mAhg-! at current densities 14 and 71mAg-!, respec-
tively [20]. Subsequently, Kang and coworkers have described the
establishment of a novel nanoarchitecture CNT-FeF; composite
(FNCB) [21]. The CNT network was functionalized by formation
of FeF3 nanoflowers on the CNT surfaces. Electrochemical analy-
sis of FNCB electrode exhibited a high capacity of 210mAhg-! at
20mAg-! with a voltage range of 1.5-4.5V at room temperature.
Electrochemical studies of FeF3 systems by other groups [16-19]
also suggested that FeF3 could be a potential candidate for a future
cathode material. However, the electrochemical activity of FeFs
cathode in terms of cyclic stability and rate capability still needs
to be improved significantly for practical applications.

Recently we have developed a [Fe/LiF/C] nanocomposite by
pyrolysis of a ferrocene/LiF mixture at 700°C [24,25]. It consists
of Fe, FesC and LiF nanoparticles which are intimately mixed in
porous multiwalled nanocarbon structures. The composite elec-
trode exhibited reversible capacities of 270 and 170mAhg-! in
the voltage ranges of 0.5-4.3 and 1.3-4.3V at a current density of
20.8mAg-! at 20°C, respectively. In addition, the nanocompos-
ite electrode showed excellent cyclic stability (over 200 cycles) as
well as good rate capability. However, this nanocomposite suffered
from two major drawbacks: the mixing of the reactive components
Fe and LiF was not uniform throughout the composite; secondly,
due to low reactivity of Fe3C towards LiF, a significant amount
of LiF was left over in the composite electrode. Herein we report
a modified synthesis of a [Fe/LiF/C] nanocomposite (1), and its
improved electrochemical properties in rechargeable lithium bat-
teries. This composite consists of well-defined nanotubes which
are interlinked with nano-granular structure containing a homoge-
neous mixture of active materials. In addition, we present evidence
that the morphology of 1 is crucial for its stable cyclic behavior. For
this purpose, [Fe/LiF/C] nanocomposite (2) was prepared by ball
milling of 1, and its structural and electrochemical properties were
compared with 1.

2. Experimental

All preparations and manipulations were carried out in an Ar-
filled glove box and/or using standard Schlenk techniques. Solvents
were dried with appropriate drying agents and distilled prior to use.
Ferrocene and lithium fluoride (Alfa Aesar Co.) were dried at 50 and
150°C for 15 h under vacuum, respectively. In addition, the dried
LiF was ball-milled for 20 h (Retsch GmbH; PM400; WC vial/balls;
balls: powder ratio=100:1; 400 rpm) prior to mixing it with fer-
rocene.

2.1. [Fe/LiF/C] nanocomposite (1)

To a solution of ferrocene (1.07 g, 5.7 mmol) in diethyl ether
(15 ml), LiF (0.31 g, 12 mmol) was added. The resulting suspension
was stirred at 25°C for 15 min, and then dispersed it in an ultra-
sonic bath for 15 min. The solvent was removed and the residue
was dried in vacuo at 50 °C for 3 h. The homogeneously mixed fine
powder was sealed into a stainless steel Swagelok-type reactor
(inner diameter, 0.7 cm; length 7 cm) containing vacuum coupling
radiation (VCR) type of fittings on both ends. The pyrolysis was
performed in a home-made designed rotating furnace setup as
shownin Fig. 1. The quartz tube (inner diameter 7 cm, length 75 cm)
was placed horizontally inside the tube furnace (GERO) without
touching the ceramic wall of the furnace. Both ends of the tube
were supported by wheels mounted on top of the Y-shaped rods,
while the bottom of the rods connected to an adjustable base plate.

One of the wheels was coupled to a motor (DOGA gear motor,
12V/DC, 25rpm, 6 Nm). The reactor was placed in the center of
the tube and fixed on both sides with quartz mat. The tube was
rotated continuously with a frequency of 10rpm. Then, the fur-
nace was heated to 700°C at a temperature ramp of 35°C min~!
(20min to reach 700 °C) and kept at that temperature for 5 h. Dur-
ing this period, the complete decomposition of ferrocene occurred
to form metallic Fe and carbon as major solid products, in addition
to various reactive gases. The iron produced acts as catalyst for the
growth of nano-tubes/core-shell type structure with the carbon.
In addition, iron carbide, an intermediate species, was also formed
during this reaction. These components were mixed thoroughly
with LiF by using the rotating quartz tube setup to get a homo-
geneous [Fe/LiF/C] nanocomposite. Then the reactor was allowed
to cool down to room temperature naturally without rotation. Due
to various gaseous materials produced during pyrolysis, pressure
developed inside the reactor. It was opened inside a glove box,
and a fine black powder produced was collected (yield: 1.2 g, 91%).
Elemental analysis, C 45.3%; EDX: Fe 26.7%, LiF 27.5%.

2.2. Ball-milled [Fe/LiF/C] nanocomposite (2)

Composite 1 (500mg) and pentane (5ml) were added into a
stainless steel vial (80 ml volume) containing balls (SS, balls to
powder ratio 50:1). The resulting suspension was milled (Fritsch
pulverisette 6) for 4h at 250 rpm under argon at room tempera-
ture. Then, the solvent was removed slowly inside a glove box and
the fine powder was collected (yield: 450 mg). Elemental analysis,
C 44.5%; EDX: Fe 26.5%, LiF 28.0%.

2.3. Characterization

The phase analyses of the nanocomposites were performed
using a Philips X'PERT diffractometer with Cu K« radiation. PAN-
alytical X'Pert Data Collector and X'Pert HighScore software were
used for data acquisition and evaluation, respectively. The samples
to be analyzed were spread onto a silicon single crystal in the glove
box and sealed with an airtight hood made of Kapton foil, which is
out of the focus of the spectrometer. The patterns were recorded
at 25°C in a 20 range between 10 and 90°. Raman spectra were
investigated with a Kaiser optical process spectrometer (RXN1)
with an excitation wavelength of 785 nm. Mdssbauer spectroscopic
measurement was carried out by a constant acceleration-type spec-
trometer with a ®’Co source in a Rh matrix. The samples to be
measured were sealed between kapton foils inside a glove box.
The isomer shift is given relative to a-Fe at room temperature.
The morphology and microstructure of the nanocomposites were
investigated using scanning electron microscopy (SEM; Leo-1530)
and transmission electron microscopy (TEM; image corrected FEI
Titan 80-300 operated at 300 kV in TEM and HAADF-STEM mode,
equipped with a Gatan Imaging Filter Tridem 863 and an EDAX
s-UTW EDX detector). The sample for TEM analysis was prepared
by dispersing the nanocomposite in pentane. A droplet was placed
onto a carbon film supported on a copper grid and allowed to dry
for at least 2 h. The grids were sealed and reopened to put them into
the TEM, thereby minimizing exposure to atmosphere to about a
minute. Nitrogen physisorption isotherms were measured using a
Micromeritics ASAP 2020 system at 77 K. Prior to measurement, the
samples were degassed at 350°C for 12 h. Pore size distributions
(PSD) were calculated based on a DFT model [26] assuming slit-
shaped pores. The specific surface area was determined according
to the BET theory [27].

Electrochemical properties of the nanocomposites as cath-
ode materials in lithium-ion cells were tested by galvanostatic
charge-discharge technique using two-electrode Swagelok-type
cells. The nanocomposite powder without any addition of a binder
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Fig. 1. Rotating quartz tube setup used for the synthesis of nanocomposite 1.
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[Fe/LiF/C] nanocomposite (1) was produced by pyrolysis of a
homogeneous mixture of ferrocene and LiF (Fe to LiF ratio of 1:2.2)
under Ar at 700°C for 5 h in the modified furnace shown in Fig. 1.
The idea behind the use of such a setup is to mix constantly the
components (C/Fe3C/Fe) produced by thermal decomposition of
ferrocene and LiF during pyrolysis to get a homogeneous nanocom-
posite. The amount of carbon present in the nanocomposite was
determined by elemental analysis as 45.3 wt%. The relative atomic
ratio of Fe and LiF of 1 was estimated by energy dispersive X-rays
(EDX) analysis using SEM mode. The ratio of Fe:F was found to
be 1:2.2 £0.2, thus the amounts of Fe and LiF present in 1 were
calculated as 26.7 and 27.5 wt%, respectively.

Fig. 2 shows the XRD pattern of the as-prepared nanocomposite
1. The diffraction pattern is almost similar to that of the [Fe/LiF/C]
nanocomposite synthesized by previous method [24]. All diffrac-
tion peaks of 1 can be indexed to four well-defined phases, such as
hexagonal phase graphitic carbon {26.3° (002); JCPDS-041-1487},
cubic phase a-Fe {JCPDS-006-0696}, orthorhombic phase Fe3;C
{JCPDS-035-0772}, and the cubic phase LiF {JCPDS-004-0857}.
Scherrer analyses on the Bragg peaks of Fe (110), FesC (211),
and LiF (200) have been performed and the approximate crystal-
lite sizes were calculated as 12, 10, and 20 nm, respectively. The
major difference in XRD patterns between the previous and the
present nanocomposite is the change in observed intensities of -
Fe and Fe3C reflections. In 1, the intensities of a-Fe peaks at 44.6°
(110), 65.0° (200) and 82.3° (211) were increased, while Fe3C
peak intensities decreased and more diffused when compared to
the intensities of the previous nanocomposite [24]. These results

2 Theta (degree)

Fig. 2. XRD pattern of nanocomposite 1 formed after pyrolysis of a ferrocene/LiF
mixture at 700 °C under argon atmosphere using rotating quartz setup.

suggest that the yield of a-Fe phase in 1is higher than the cementite
Fe3C phase. Since a-Fe phase is the main active species that under-
goes conversion reaction readily with LiF to form FeFs, a better
electrochemical behavior of 1 can be anticipated. A Raman spec-
trum of 1 is shown in Fig. 2 inset. It exhibits two bands at 1340 and
1590 cm~1, which are attributed to the D-band (disorder-induced
phonon mode [28]) and G-band (graphitic lattice mode Ejg [29])
of carbon, respectively. The data revealed that the as-prepared
nanocomposite consists of significant amount disordered carbon
in addition to highly ordered graphitic carbons.

The Mossbauer spectrum of 1 recorded at room temperature
consists of four sub-spectra, three sextets and a doublet (Fig. 3).
The sextet with a magnetic hyperfine field of 33.3T and zero iso-
mer shift corresponds to the hyperfine parameters observed for
a-Fe. The second sextet (Bpr=28.5T and §=0.133 mms~!) corre-
sponds to an amorphous phase of iron-carbon system with a carbon
content close to 0.19 atomic percent [30]. Such a phase should
exhibit a typical amorphous XRD pattern in between 40° and 50°
20 [30]. However in the XRD of 1, it was not possible to clearly
distinguish the amorphous phase because its position coincided
with positions of more intense peaks of LiF, Fe and Fe3C phases.
The third sextet (Bys=20.8 T and §=0.189 mm s~!) and the doublet
(A=0.868mms~! and §=0.189 mms~!) corresponds to FesC [31]



R. Prakash et al. / Journal of Power Sources 196 (2011) 5936-5944 5939

Superparamagnatic Fe;C  —
| l T l | F930
Amorphous Fe-C T r )
%)
< 1.00
=1
o
[&]
[0}
=
S 0.98
14
0.96
1 1 1

-10 -5 0 5 10
Velocity (mm/s)

Fig. 3. Mossbauer spectrum of 1 recorded at room temperature. The solid lines are
the least square fit to the experimental data in the dotted lines.

Fig. 4. SEM image of the as-prepared nanocomposite 1.

with magnetic and super-paramagnetic particles, respectively. The
relative areas of Fe, Fes;C and Fe-C were estimated to be 45, 39 and
16%, respectively. The spectrum of 1 differs mainly from that of the
previous nanocomposite [24] in two respects; presence of an iron
rich Fe-C phase and a superparamagnetic Fe3C phase.

The morphology of the material was examined using SEM and
TEM. Fig. 4 shows a SEM image of the as-prepared nanocomposite.
The sample is composed of entangled carbon nanotubes and nano-
granular structures which are closely interlinked with each other.
Most of the tubes have lengths on the order of several micrometers
and their diameters vary significantly (10-50 nm); a few tubes hav-
ing diameters of about 100 nm were also observed. A large amount
of tubes contain iron-rich nanoparticles, which are embedded at
one end while the other end is open. TEM images of the as-prepared
composite are shown in Fig. 5. It reveals the existence of two differ-
ent types of carbon morphologies (nanotubes as well as graphitic
onion shells) similar to that of the nanocomposite as reported in our
earlier paper [24]. However, the multi-walled tubes produced by
this method are well-shaped, and much more extended than those
of the nanocomposite synthesized previously. The inner diameters
of the multi-walled tubes are ranging from 5 to 30 nm. The high-
resolution TEM images indicated that the nano-granular regions
consist of core shell-type structure, containing graphitic onions
with the characteristic lattice spacings of 0.36 nm in which iron-
rich nanoparticles are embedded. Closer inspection of the graphitic

matrix revealed some inhomogeneous onion-like graphitic layers
indicating a partial encapsulation of the iron-rich particles by the
graphitic matrix.

The HAADF-STEM images indicate a typical diameter of 2-10 nm
for the iron-rich particles, but a few particles with up to 50 nm
are also observed. The iron-rich particles are either located inside
graphitic nanotubes or they are embedded inside onion-like
graphite spheres. Like in the original composite, both iron (o-
Fe) and iron carbide (Fe3C) nanocrystals were detected inside the
graphitic onions. HAADF-STEM in combination with local EELS/EDX
analyses (Fig. 6) revealed carbon, Fe and LiF to be present every-
where in the aggregates. In addition, EDX spectroscopy elemental
mapping (by SEM) was used to understand the distribution of
C, Fe/FesC and LiF components in the composite. From the ele-
mental distribution of iron, fluorine and carbon (Supplementary
information Fig. S1), overall a fairly uniform distribution of Fe/Fe3C,
LiF and carbon in the composite could be recognized. But locally,
similar distributions with slightly varying concentrations of ele-
ments are observed (Supplementary information Fig. S2). When
compared to the synthesis of nanocomposite by using non-rotating
and rotating quartz tube methods, the composite obtained by the
latter method has a better homogeneous mixture of Fe/LiF/C, and
exhibits graphitic carbon morphologies with better electronic con-
ductivities.

The inner surface and porous properties of 1 were inves-
tigated by N, physisorption analysis. Fig. 7 displays the
adsorption-desorption isotherms, pore size distribution and pore
volume of nanocomposite 1. According to IUPAC classification [32],
the observed isotherms of 1 can be classified as type-IV absorp-
tion branch with an H3 type hysteresis loop, which is typical for a
mesoporous material. In addition, it exhibited a steep increase of
the adsorbed gas at very low relative pressures due to presence of
micropores (pore width <2 nm). The sample had micro- and meso-
porous volumes of 0.023 and 0.09 cm3 g~1, respectively, and the BET
surface area was 130 m2 g~!. The differential pore volume of 1, cal-
culated from the DFT model [26], suggests that the mesopore sizes
were distributed between 5 and 35 nm. When compared to the pre-
vious nanocomposite, the mesopore volume of 1 decreased while
micropore volume remains unchanged. However, the BET surface
area of 1 is significantly larger than that of the previous composite
(82m2g1).

The electrochemical performance (specific capacity, cyclic
stability and rate capability) of the binder-free [Fe/LiF/C] nanocom-
posite cathode was evaluated by using galvanostatic cycling at
room temperature in two-electrode Swagelok cells with metallic
lithium as a negative electrode (Fig. 8). Since carbon has no contri-
bution to the specific capacity in the voltage range between 4.3 and
1.3V [15-19], the charge and discharge capacities observed from
the nanocomposite electrode can directly be ascribed to electroac-
tive Fe/LiF nanoparticles. At first, the cell (OCV: 2.6 V) was charged
to 4.3V at a given current density, and then held at that potential
for a calculated period of time which would be necessary to reach
its theoretical capacity of 712mAhg-! galvanostatically. Fig. 8a
shows the voltage/specific capacity profiles of the nanocomposite
electrode/Li cell cycled between 4.3 and 1.3V at a current den-
sity of 20.8 mAg~1. The nanocomposite exhibited a well-defined
two-stage discharge with a higher voltage plateau at 3.8-2.5V,
followed by a lower voltage sloped-plateau at 2.3-1.3V, indicat-
ing a two-step reduction process. The charge/discharge features
of 1 are similar to those of [Fe/LiF/C] nanocomposite prepared by
previous method [24], and to those observed from the ball-milled
FeF3/C nanocomposites at small current drain at room tempera-
ture [16-19], or at elevated temperature [15]. The electrochemical
reaction (Eq. (1)) proceeds through two successive steps: in the first
step, by a one-electron reduction of FeF3 to form LiFeF3 through a Li
insertion reaction, and subsequently, by a two-electron reduction
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Fig. 5. TEM characterization of the as-prepared [Fe/LiF/C] nanocomposite. Top left: BF-TEM overview image. Top right: iron-rich nanoparticles encapsulated in nanotubes.
Bottom left: aggregates of iron-rich nanoparticles confined by onion-like graphitic structures. Bottom right: enlarged view of graphitic coating of the iron-rich particles.

of LiFeF; to produce Fe and LiF through a conversion reaction, as
reported in literature [15-21].

The charge/discharge specific capacities were determined based
on the mass of the active material FeFs (calculated from the
amount of Fe and LiF present in 1). The nanocomposite electrode
exhibits first discharge and charge capacities as high as 284 and
256mAhg-!, respectively. The capacity decreases over the first
few cycles and then stabilizes at about 230mAhg-1. At 150th
cycle, the voltage profile did not change much compared to ini-
tial cycles, indicating that the cycleability of the cell is very good.
The coulombic efficiency of the nanocomposite electrode after the
initial few cycles remained close to 100%. The charge/discharge
capacities stay stable without any significant capacity fading even
up to 150 cycles (Fig. 8b). In order to check the reproducibil-
ity of the nanocomposite cathode, six identical cells have been
tested galvanostatically under similar conditions for 150 cycles.
They exhibited similar performances, within the specific capac-
ity error limit of +5%. Under identical electrochemical condition,
[Fe/LiF/C] nanocomposite obtained by previous method delivered
a stable capacity of 170 mAh g~! only [25]. The specific capacity of
1is very well comparable to the reported capacity (210 mAhg~1) of
FNCB electrodes tested at a current rate of 20mA g~! in the voltage

range between 1.5 and 4.5V [21]. In order to check the long time
stability, one of the six cells was allowed to cycle for more than 150
cycles. The data indicated that the specific capacity remained quite
stable up to 200 cycles, and then it decreased gradually. At the end
of 400 cycles the capacity was found to 126 mAh g~!, and after 500
cycles it decreased to 68 mAhg-1.

XRD analysis of the charged electrode after 150 cycles showed
the phase change of the active materials. The diffraction peaks of Fe
had disappeared and LiF decreased significantly, a new reflection
peakat 23.6° {FeF; (012),]JCPDS-033-0674} and a shoulder at 26.8°
{FeF, (110),JCPDS-045-1062} appeared in the ex situ XRD pattern.
Similar to our earlier result [24], the formation of FeF, phase was
observed after several cycles. To know more about the development
of the FeF, phase with cycles, a detailed Mossbauer investigation
of the charged electrodes at different cycles is in process.

In order to examine the rate capability of 1, charge/discharge
cycles were performed independently with two identical cells
between 1.3 and 4.3V by varying current densities from 20 to
712mAg-! at room temperature. The nanocomposite electrode
showed rather good rate capability as demonstrated in Fig. 8b. As
the current densities increased, the specific capacities decreased,
but remained stable over the entire 15 cycles at a given current.



R. Prakash et al. / Journal of Power Sources 196 (2011) 5936-5944

5941

1504
100 ke
4
=
=1
o
(5]
Fe
& e d e o bl ild Ak s
20 40 60
Energy’ (kEV)
[weecs]

Counts

Energy (eV)

Fig. 6. HAADF-STEM reference image of 1 (left), and EELS and EDX spectra (right) of the selected area showing strong C, Fe and F signals.

0.14

Relative Pressure (P/Po)

- 0.04

0.35 0.12
140
E ,.,\: —e— Adsorption j
—O— Desorption —_

5 $ 1051 i & H010 ©
2 0.28 2 ( &
B E g o £
g g 70 o’o/f"’ o ] £
Y 1 3 o S Ho08 2
) ] e S S
E 0214 § Bl J 3
S < 0.0 ] g
> ¢

: 0 . , . . _ [0}
o 00 02 04 06 08 10 oo 0.0 o
9] 9 Q
5 0
© =
= &
: 2
o

< 0.02

10
Pore width (nm)

Fig. 7. Cumulative pore volume and differential pore volume as a function of pore width of 1 measured at —196 °C. Inset: N, isotherm.

After cycled at higher current densities, the discharge capacity went
back nearly to the original value (220 mAh g~1) as the current den-
sity was reduced again to the initial value (20.8 mA g~1). In addition,
the composite electrode cycled between 4.3 and 1.3V at a current
density of 1420mA g1 exhibits good cyclic performance with a
reversible specific capacity of 55 mAh g~!, and retained its capacity
over 90% after 100 cycles (figure not shown). The rate performance
of 1 is reasonably good for such kind of conversion materials hav-
ing intrinsically low electrical conductivity. The performance of 1
can be attributed to its morphology, especially the networking of
nanotubes with nano-granular region containing active materials
that help providing fast electronic and ionic transports.

The binder-free cathode 1 exhibits an improved specific capacity
of 60 mAh g~ compared to the previous [Fe/LiF/C] nanocomposite
cathode (with binder) under identical condition, which is approx-
imately equivalent to one third of the reversible capacity of the
previous nanocomposite. The significant increase of the specific
capacity may some extent be attributed to the presence of relatively
higher quantity of reactive Fe species in 1 than that of the previous
nanocomposite. The Méssbauer data of 1 show an increase in over-
alliron content (a-Fe and Fe-C ~ 61%) other than Fe3C form (~39%).
We assume that both the crystalline and the amorphous iron phases
of 1 might have participated in the electrochemical reaction. A
detailed Mossbauer investigation is required for further under-
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Fig. 8. Electrochemical characterization of 1. (a) Galvanostatic charge/discharge voltage vs. specific capacity profile. (b) Specific capacity vs. cycle number at various current

densities. The nanocomposite was cycled between 4.3 and 1.3 V.
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Fig. 9. Characterization of nanocomposite 2. Raman spectrum (top left), SEM image (top right), and TEM images (bottom) showing iron particles embedded in the carbon
matrix. Most of the graphitic structure is highly disordered and typically no well-defined graphitic layers are visible around the metal nanoparticles.

standing of this process. However, both composites exhibit equally
good cyclic stability and rate capability performances, irrespective
of their preparation conditions. The cyclic stability and rate capabil-
ity behaviors can be associated to the morphology of the electrode
materials. Since both the original and the modified composites pos-
sess essentially similar morphologies, their cyclic stability and rate
performances remain unchanged. In order to correlate the mor-
phology of the material and cyclic stability, nanocomposite 1 was
ball milled under moderate conditions to change its morphology
without altering its composition. The structure/morphology and

electrochemical performance of the ball milled nanocomposite 2
was studied and compared with 1.

The XRD analysis of 2 (Supplementary information Fig. S3)
exhibits a similar pattern as of 1. All of the reflection peaks can
be indexed to C, Fe, Fe3C and LiF phases. However, the Fe and
LiF reflections were substantially broadened and merged with
each other. In addition, the peak at 26.4° corresponding to the
graphitic carbon is completely broadened due to the ball-milling
which created more disordered graphitic layers and some amor-
phous carbon materials. Raman spectrum of 2 (Fig. 9) corroborates
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Fig. 10. Electrochemical characterization of 2. Specific capacity vs. cycle number
profile at 20.8 mA g~'. The nanocomposite was cycled between 4.3 and 1.3 V. Inset:
galvanostatic charge/discharge voltage vs. specific capacity profile.

well the XRD analysis. The intensity of the disordered graphitic
band at 1360cm~! increased and the intensity ordered G-band
at 1590 cm~! decreased significantly. The SEM image of 2 reveals
that the typical entangled nanotube structure was completely
destroyed by ball-milling. Closer analysis of the material by high-
resolution TEM shows that iron rich particles were embedded
mostly in a carbonaceous matrix. The core shell type structures
with an iron rich core and well-defined graphitic layers around
it, as observed in 1, disappeared almost completely. In addi-
tion, STEM images of 2 showed a few elongated metal particles
due to the impact of ball milling (Supplementary information
Fig. S4). HAADF-STEM in combination with local EDX analyses
(Supplementary information Fig. S5) revealed a rather uniform
distribution of all elements present throughout the aggregates as
seen before for 1. In addition, the results of EDX (SEM mode)
and elemental analysis were in good agreement with those of 1,
suggesting that the elemental composition of 2 was not changed.
Compound 2 exhibits similar N, adsorption-desorption isotherm
(Supplementary information Fig. S6) as of 1. The sample has micro-
and mesoporous volumes of 0.038 and 0.043 cm3 g1, respectively.
The PSD calculated from DFT model is very broad and with a
mean mesopore size of about 35nm. When compared to 1, the
micropore volume of 2 was increased and mesopore volume was
decreased significantly due to ball-milling. The BET surface area
was 89m?2 g~!, which is considerably lower than that of 1.

Fig. 10 shows the electrochemical performance of the nanocom-
posite electrode 2 cycled between 1.3 and 4.3V versus lithium
at a current density of 20.8 mAg~!. The discharge capacities at
the first and tenth cycles are 448 and 92 mAhg-1, respectively,
and the corresponding capacity loss was about 80%. Despite the
higher initial capacities, composite 2 undergoes rapid loss of capac-
ity with cycling similar to the behavior observed in most metal
fluoride nanocomposites prepared by ball-milling method [13-16].
The irreversible capacity loss is most likely due to loss of electrical
contact between active materials and conductive matrix. On the
contrary, 1 exhibited excellent cyclic stability, which suggests that
the carbon framework plays a dual role by integrating the active
materials as well as networking good electrical contact.

4. Conclusions

A simple rotating quartz tube setup has been developed to pre-
pare [Fe/LiF/C] nanocomposite, from pyrolysis of a ferrocene/LiF

mixture. As a result homogeneity and uniformity of the mate-
rial in terms of mixing of components were greatly improved.
The nanocomposite consisted of well-defined carbon nanotubes
and core shell-type graphite structures where iron-rich nanopar-
ticles were encapsulated. As the cathode materials for lithium-ion
battery, the nanocomposite electrode showed enhanced electro-
chemical performance with the reversible specific capacity of
230mAhg-! at 20.8mAg-! in the voltage range of 1.3-4.3V
at room temperature. The simple synthetic modification of 1
resulted in a capacity enhancement of 60 mAhg~! compared to
the previous nanocomposite (170 mAhg-1). Composite 1 exhib-
ited a good cyclic stability and rate capability performances which
can be attributed to its morphology; interconnection between
the nano—tubes and the nanogranular regions containing active
materials which has efficiently improved the electronic and ionic
transports in the electrode. Efforts are currently underway to opti-
mize the nanocomposite to improve further the capacity of the
system.
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