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1. Introduction

In this work, we describe for the first time a high surface area nanocrystalline porous a-LiFeO,-C compos-
ite anode material synthesized by a simple molten salt method, followed by a carbon coating process. The
synthesized nanocomposite presents an interconnected porous architecture, as was confirmed by field
emission scanning electron microscope observations. Transmission electron microscope investigations
revealed that amorphous carbon was incorporated into the pores among the nanoparticles and that some
nanoparticles were covered by a thin layer of amorphous carbon as well. Electrochemical measurements
showed that the carbon played an importantrole, as it affected both the cycle life and the rate capability of
the electrode. The a-LiFeO,-C nanocomposite electrode delivered a higher reversible capacity and good
cycle stability (540 mAh g—! at 1 C after 200 cycles) compared to the pure a-LiFeO, electrode. Good elec-
trochemical performance of the a-LiFeO,-C nanocomposite electrode could be attributed to the porous
conductive architecture among the nanoparticles, which not only has benefits in terms of decreasing the
absolute volume changes and increasing the mobility of lithium ions, but also offers conductive pathways
along the whole interconnected wall in the structure, which is favourable for the transport of electrons,
promotes liquid electrolyte diffusion into the bulk material, and acts as a buffer zone to absorb the volume
changes. Our results indicate that a-LiFeO,-C nanocomposite could be considered as a potential anode
material for lithium-ion batteries.

© 2011 Elsevier B.V. All rights reserved.

conducted to search for alternative anode materials with higher
capacities and rate capabilities [7-9]. Traditional Li-storage materi-

In order to address power and energy demands of mobile
electronics and electric cars, Li-ion technology is urgently being
optimized by using alternative materials [1]. High-performance
lithium ion batteries must satisfy stringent requirements, including
large reversible capacity, high rate capability, and long-term cycle
life, with solutions to these requirements lying mainly in advanced
materials [2,3]. Among all the materials applicable for Li-ion battery
anodes, transition metal oxides have always been regarded as the
most promising candidates due to their relatively lower cost, envi-
ronmental benignity, higher theoretical capacity, and better safety
during operation compared to other materials [4-6]. Due to the low
theoretical capacity (372 mAh g~ 1) of graphitic carbon, which is the
most commonly used anode material, intensive research has been
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als suffer serious capacity loss when charged and discharged at high
rates, which is mainly due to large polarization and slow diffusion
of lithium ions and electrons in the active materials [10]. Adopting
electrode materials with fine nanoparticles, hollow/porous archi-
tecture, and tunable morphology has been attempted to solve these
problems. The main reason is that their nanocrystalline porous
architectures present large surface areas and thin walls, which are
beneficial to the transportation of lithium ions in the active materi-
als and to decreased polarization [10-17]. However, among all the
transition metal oxides, iron oxide has attracted much attention
because itis non-toxic and contains the most abundant and low cost
metal available in the world [18-22]. It is well known that LiFeO,
has different forms, i.e., o, 3, and y-conjugated forms, as deter-
mined by the method and conditions of synthesis, and the various
forms were also studied as potential alternatives to Li-Co-0O posi-
tive electrodes [23-28]. In terms of use as a cathode material, many
problems still remain, such as a low operating voltage, poor elec-
trochemical activity, especially for the cubic o and vy-forms, and
low capacity retention during the cycling tests. Despite its poor
electrochemical characteristics as a cathode in lithium-ion bat-
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Fig. 1. X-ray diffraction patterns of a-LiFeO, and a-LiFeO,-C nanocomposite.

teries, LiFeO, has been investigated as an anode material within
the voltage range of 0.01-2.5V vs. Li/Li* [19]. Yet until now, there
have been very few reports on LiFeO, materials used as anode for
the Li-ion batteries. Unfortunately, none of the reported results
shows promising anode properties in rechargeable lithium cells
[19,29]. So, it is very interesting to explore the synthesis of o-
LiFeO, materials (theoretical specific capacity 848 mAhg-1) and
their application as anode for the Li-ion battery. It is still a great
challenge to improve the cycling stability and high rate capability of
iron-based materials. In particular, the rate capability in a lithium-
ion battery system is limited by the transportation of both lithium
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ions and electrons [7,30,31]. By depositing nanostructured materi-
als into/onto a conducting matrix (metal or carbon), the high rate
capability was significantly improved [30,32]. Different conductive
fillers have been extensively explored for composite components
and significant improvement in electrical conductivity arising from
the increase of filler content was observed for most composites and
it was explained by the percolation transition of the conductive
network formation [33,34]. However, carbon coating is one of the
most widely used surface modification techniques, and in fact, car-
bon is very stable anode materials in lithium-ion batteries due to
the small volume change during Li insertion/extraction [35]. The
solid electrolyte interphase (SEI) films on the carbon surface are
also relatively stable, and the carbon coating may serve as a per-
fect barrier to protect the inner active materials and maintain their
high capacities [36-38]. Furthermore, a selected binder, sodium
carboxymethyl cellulose (CMC), can also improve the cycling per-
formance of iron-based materials [11,39].

Herein, this is the first time that the synthesis of nanocrystalline
porous «-LiFe0,-C composite by a simple molten salt method,
followed by a carbon coating process, has been reported, and
its application as anode for the Li-ion battery, with significant
improvement of capacity retention and rate capability, is also dis-
cussed.

2. Experimental

The a-LiFeO, powder was synthesized by mixing together FeCl,-4H, 0 (Aldrich,
95%), LiOH-H,0 (Sigma-Aldrich, 98%), LiNO3 (Sigma-Aldrich, 99.9%), and Li,0;
(Sigma-Aldrich, 90%) with a molar ratio of 0.01:0.1:0.1:0.01, and the mixture was
ground in a mortar with a pestle until it became homogeneous. The powder mix-
ture was vacuum dried at 120°C for 24 h. The drying process was used to minimize
the water content in the starting material mixture for the molten salt process
(LiINO3-LiOH.H;,0). The mixture was immediately placed in an alumina crucible,
and heated to and kept at 300°C for 3 h in a muffle furnace in air. At this tempera-

Fig. 2. FE-SEM images of a-LiFeO, and a-LiFeO,-C powder samples: (a) low magnification image of the agglomerated clusters of a-LiFeO,; (b) high magnification image of
a cluster of a-LiFeO, composed of numerous nanoparticles; (c) low magnification image of a-LiFeO,-C composite, consisting of numerous agglomerated tiny particles; (d)
high-resolution image of a-LiFeO,-C composite, which exhibits a porous conductive architecture among the nanoparticles.
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Fig. 3. (a) TEM image with its corresponding SAED pattern (inset) and (b) HRTEM image of the a-LiFeO, sample; (c) TEM and (d) HRTEM images of the a-LiFeO,-C sample.

ture, the LiNO3:LiOH-H,0:Li, O, mixture was melted to become a molten salt near
the eutectic composition. This is significantly different from an aqueous solution,
and the water content in the molten salt solution was reduced as much as possible.
The resulting products were washed with large amounts of ethanol and distilled
water, followed by drying at 100°C for 12 h under a vacuum pressure of 0.1 MPa.
The synthesized a-LiFeO, nanoparticles were then coated with amorphous carbon.
Toluene (C7Hg, 99.5%) and malic acid (C4HgO5, 99%) were used as a solvent and a car-
bon source during the coating process, respectively. The amount of carbon content
in the composite depends on the amount of malic acid used. Different amount of
carbon containing composites can be achieved using different amount of malic acid.
The ratio of malic acid and active material (a-LiFe,0,) was maintained 1:1 in our
system. In this instance, malic acid (C4HgOs) was chosen as the carbon source, due
to its low decomposition temperature (150°C) and low oxygen content compared
to other common carbon sources such as citric acid (CgHgO7), sucrose (C12H22011),
and glucose (CsH1206), etc. Both a-LiFeO, and malic acid were dispersed together in
toluene with continuous stirring at room temperature for 2 h. The slurry was dried
at 100°C for 6 h at a vacuum pressure of 0.1 MPa and then further heat-treated at
300°C for 3 hin air atmosphere. The resultant particles were collected, washed, and
vacuum treated again at 120°C for 24 h to eliminate residual water on the particle
surfaces.

X-ray diffraction (XRD) data were collected from powder samples ona GBC MMA
diffractometer (with Cu Ka radiation and a graphite monochromator) at a scanning
rate of 2° min~"! for 26 in the range of 10-90°. Traces™ software in combination with
the Joint Committee on Powder Diffraction Standards (JCPDS) powder diffraction
files was used to identify the phases present. Raman analysis was performed using a
Raman spectrometer (Jobin Yvon HR800). The amount of amorphous carbon in the
composite sample was estimated using a Mettler-Toledo thermogravimetric anal-
ysis/differential scanning calorimetry (TGA/DSC) 1 Star® System from 50 to 800°C
at 5°Cmin~"'. The Brunauer-Emmett-Teller (BET) surface area of the synthesized
materials was measured by a NOVA 1000 high speed gas sorption analyzer (Quan-
tachrome Corporation, USA). The morphologies of the samples were investigated by
field emission scanning electron microscopy (FE-SEM; JEOL JSM-7500FA) and trans-
mission electron microscopy (TEM)using aJEOL2011 analytical electron microscope
equipped with a JEOL energy dispersive X-ray spectroscopy (EDS) system. TEM sam-
ples were prepared by deposition of ground particles onto holey carbon support
films, with care taken to ensure that selected area electron diffraction (SAED) and

high resolution TEM contrast were obtained only from sample regions located over
holes in the holey carbon support films. To test the electrochemical performance,
sample powders were mixed with acetylene black (AB) and a binder, carboxymethyl
cellulose (CMC), in a weight ratio of 80:15:5 in a solvent (distilled water). The slurry
was spread onto copper foil substrates. The coated electrodes were dried in a vac-
uum oven at 110°C for 24 h to remove water molecules. The electrode was then
pressed using a disc with a diameter of 14 mm to enhance the contact between the
copper foil, active materials, and conductive carbon. Subsequently, the electrodes
were cut to a 1cm x 1cm size. CR 2032 coin-type cells were assembled in an Ar-
filled glove box (Mbraun, Unilab, Germany) using lithium metal foil as the counter
electrode. The electrolyte was 1 M LiPFg in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 by volume, provided by MERCK KgaA, Germany).
The cells were galvanostatically discharged and charged in the range of 0.01-2.5V.
Cyclic voltammograms of the electrodes were collected with a scan rate of 0.1 mV/s
between 0.01 and 2.5V vs. Li/Li*.

3. Results and discussion

The XRD patterns of the resulting products with and without
carbon coating are shown in Fig. 1. These patterns exhibited sev-
eral peaks that could be ascribed to a-LiFeO, and were indexed in
the cubic system with lattice parameter a=4.158 A, which is quite
consistent with the reported value (JCPDS 17-938). The carbon-
coated sample shows a decrease in the intensity of the main peaks
with a shift of (111). Since the heat-treatment temperature is
low, it is proposed that the coated carbon is amorphous and that
the amorphous carbon coating on the surface is responsible for
the weakening of the intensities of the XRD peaks [40]. However,
amorphous carbon in the composite product was experimentally
detected by Raman spectroscopy (Fig. S1, Supporting information)
[41]. An additional small and broad peak at ~30° may be due to
the presence of amorphous phase as the synthesis method is con-
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ducted at relatively low temperature. The approximate crystallite
sizes of the a-LiFeO, and a-LiFeO,-C powder samples were calcu-
lated using the Debye-Scherrer equation applied to the marked
peaks, assumed to be originating from (220), and the crystal
sizes were 6.45nm and 5.42 nm, respectively. The specific sur-
face areas were also measured to be 97.98 m? g~ for the a-LiFeO,
and 115.52m2g"! for the a-LiFeO,-C by the 15 BET N, adsorp-
tion method. To estimate the amount of amorphous carbon in
the a-LiFeO,-C composite materials, TGA was carried out in air
(Fig. S2, Supporting information). The samples were heated from 50
to 800°C atarate of 5°Cmin—!. As the a-LiFeO, powders remained
stable over the selected temperature range, any weight change
is believed to correspond to the oxidation of amorphous carbon
[42]. It was estimated that the amount of total weight loss in the
composite was approximately 25 wt.%, where ~6 wt.% weight loss
could be considered as from loss of moisture and volatile organic
compounds in the a-LiFeO,-C, starting from 50°C. The remain-
ing amount, ~19wt.%, was attributed to the amorphous carbon
produced by the decomposition of malic acid (C4HgOs) in the pre-
cursor.

Field emission scanning electron microscope (FE-SEM) images
of the a-LiFeO, and a-LiFeO,-C powder samples are shown in Fig. 2.
A low magnification FE-SEM image of a-LiFeO, (Fig. 2(a)) shows
that the sample consists of large agglomerated clusters. When
scanned under high magnification, it can be seen that each clus-
ter is composed of numerous spherical nanoparticles, each having
a smooth surface and a typical diameter of ~10-20 nm (Fig. 2(b)).
A very interesting morphological change is observed when the
sample is coated with amorphous carbon. In the case of a-LiFeO,-
C, a low magnification image (Fig. 2(c)) demonstrates that the
sample consists of numerous agglomerated porous nanoclusters.
These nanoclusters are composed of very tiny nanoparticles, with
a porous architecture among the nanoparticles clearly seen under
high magnification (Fig. 2(d)), which can account for the high sur-
face area of the a-LiFeO,-C sample. The formation mechanism of
such a porous conductive architecture is not clearly understood
yet, however, there is a possible explanation: toluene and malic
acid were used as the solvent and the carbon source during the
coating process, respectively. Both a-LiFeO, and malic acid were
dispersed together in toluene with continuous stirring. The mix-
ture was dried at 100°C for 6h at a vacuum pressure of 0.1 MPa
to eliminate toluene from the mixture, and thus, malic acid was
trapped among the a-LiFeO, particles. Due to the further heat-
treatment at 300 °C, «-LiFeO, particles were agglomerated, and at
the same time, malic acid was decomposed, which produces amor-
phous carbon, CO,, water vapour and energy (see Eq. (1)). CO,,
water vapour and energy could contribute together to penetrate
the agglomerated clusters and, upon being released, leave pores
behind, thus generating the porous conductive architecture among
the nanoparticles.

a-LiFeO; + C4HgO5 — a-LiFeO,/C + CO31 +H,0 1 +energy 1(1)

However, to verify the formation of the a-LiFeO,-C nanocomposite,
EDS mapping analysis was used, as shown in Fig. S3, Support-
ing information, where the bright spots correspond to the presence
of the elements Fe, O, and C, respectively.

TEM investigations further revealed that the samples consist of
tiny particles with a spheroidal shape range in size from ~10-20 nm
for the a-LiFeO, and ~5-10 nm for the a-LiFeO,-C nanocomposite,
respectively. Fig. 3(a) shows a low magnification image and the cor-
responding selected area electron diffraction (SAED) pattern (inset)
of the a-LiFeO, sample, where all of the ring spots were evalu-
ated to represent d-spacings of 0.24, 0.20, and 0.14 nm, which can
be referred to the crystallographic directions of (11 1), (200), and
(220), respectively. These results are also consistent with the stan-
dard information provided by the XRD patterns. Fig. 3(b) presents
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Fig. 4. Typical charge-discharge curves of a-LiFeO, electrode (a) and a-LiFeO,-C
nanocomposite electrode (b) for selected cycles at 1 C (848 mAhg~') in the voltage
range of 0.01-2.5V.

a high resolution TEM (HRTEM) image of the same sample, and
the lattice fringes of LiFeO, crystals are visible. On the other hand,
amorphous carbon incorporated into the pores is clearly observed
among the nanoparticles of the a-LiFeO,-C sample (Fig. 3(c)).
High resolution imaging of the C-containing sample (Fig. 3(d)) also
resulted in contrast consistent with the presence of carbon incor-
porated into pores among the nanocrystals, and some nanocrystals
are covered by a thin layer of carbon, as well.

The galvanostatic charge—discharge curves for the 1st, 2nd, 25th,
and 100th cycles of a-LiFeO, and a-LiFeO,-C composite electrodes
cycled between 0.01 and 2.5V are shown in Fig. 4. During the first
cycle the lithium insertion proceeds through different steps, and
the first discharge curves can be divided into four regions, marked
as I, II, III, and IV. From regions I to III, the theoretical capacity of
a-LiFeO, could be calculated on the basis of the following electro-
chemical reaction [19]:

Ot—LiFEOZ +3Ll — Fe + 2L102 (2)

where 3e~ shift from Li® to a-LiFeO,, and the reduction reac-
tion of Fe (IlI) to Fe (0) takes place with a theoretical capacity
of 848 mAhg~1, corresponding to a maximum lithium uptake of
3 Li per a-LiFeO,. The initial discharge capacities were measured
to be 1722 mAhg-! for the a-LiFeO, electrode and 1626 mAhg~!
for the a-LiFeO,-C electrode, respectively. For the following sev-
eral cycles, capacities were higher than the theoretical capacity for
both electrodes. The extra capacity (region IV) could be explained
by the decomposition of electrolyte to form the solid electrolyte
interphase (SEI) layer [43] or by further lithium storage via interfa-
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Fig. 5. Typical cyclic voltammograms of a-LiFeO, electrode (a) and a-LiFeO,-C
nanocomposite electrode (b) for selected cycles with a scan rate of 0.1 mVs~!
between 0.01 and 2.5V.

cial reaction due to the charge separation at the metal/Li, O phase
boundary [44]. It should be noted that the a-LiFeO,-C nanocom-
posite electrode can maintain a reversible capacity of around
560 mAh g~! for 100 cycles, while the a-LiFeO, gradually loses its
reversible capacity down to approximately 374 mAhg-1 over 100
cycles. However, the initial irreversible behaviour and the capacity
fading observed for the materials have to be associated with this
irreversible reduction. To further investigate the electrochemical
behaviour, cyclic voltammetry (CV) (Fig. 5) measurements were
carried out with a scan rate of 0.1 mV s~!. The initial cathodic scan
results in mainly three peaks (Ry, Ry, and Ryy), which correspond to
regions I, I, and III. After the first cycle, the reduction peak consists
of a main peak in the form of one broad peak (Ry;). The electrode
activation via the 1st cycle and the strongly overlapping trend of
the subsequent cycles indicate that electrochemical reversibility
has set in after the initial cycle. The positive scan shows two peaks
(O at 1.6V and Oy at 1.8V). The O; and Oy peaks correspond to
the oxidation reactions of Fe(0)/Fe(Il) and Fe(II)/Fe(III), respectively
[45]. The good reversibility of the reaction from Fe(0) to Fe(III) is
observed for the a-LiFeO,-C electrode, while there is no trans-
formation from Fe(Il) to Fe(Ill) in the subsequent cycles for the
a-LiFeO, electrode. In addition, the cathodic peak at around 0.51V
for the a-LiFeO, electrode and at around 0.63V for the a-LiFeO,-C
electrode match well with the first discharge voltage plateau, as
shown in Fig. 4(a) and (b). The cycling performance of both elec-
trodes was investigated for up to 200 cycles at the 1C rate, and
the results are given in Fig. 6. The a-LiFeO,-C nanocomposite elec-
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Fig. 6. Cycling stability of a-LiFeO, and a-LiFeO,-C nanocomposite electrodes at
1C (848 mAhg~') in the voltage range of 0.01-2.5 V.

trode demonstrates a stable capacity as high as 540 mAhg~!, even
after 200 cycles, and only 4% capacity fading is observed from 50 to
200 cycles. For the a-LiFeO, electrode, there is significant degra-
dation in the specific discharge capacity, which can be observed
throughout the whole cycling process. The discharge capacity was
measured to be only 349 mAhg-! after 200 cycles. It should also
be noted that 11% capacity fading is observed for the a-LiFeO,
electrode from 50 to 200 cycles. Such a big difference in the electro-
chemical performance implies that the electrochemical properties
of the a-LiFeO, electrode are greatly influenced by the carbon
coating, which makes the materials more promising for further
investigation for lithium-ion battery applications. Furthermore, the
cycling performance of the a-LiFeO, and a-LiFeO,-C nanocompos-
ite electrodes at different charge/discharge rates, measured from
0.05Cto 2 Cinanascending order, followed by a return to 0.05C, is
shown in Fig. 7. The a-LiFeO,-C nanocomposite electrode presents
good cycling stability at each rate, and reversible capacities were
measured to be 898, 747, 623, 505, 378, and 272mAhg-! at the
rate of 0.05, 0.1, 0.2, 0.5, 1, and 2 C, respectively. After 50 cycles,
the reversible capacity of the a-LiFeO,-C nanocomposite electrode
at 0.05 C was still 740 mAh g1, illustrating its good cycling perfor-
mance, clearly much better than the performance of the a-LiFeO,
electrode (397 mAh g-1), even after cycling at high rates.

In brief, several reasons could be given for the good electro-
chemical performance of the a-LiFeO,-C nanocomposite electrode.
The porous nanostructured a-LiFeO,-C composite could provide
better contact between the electrode and electrolyte, reducing
the traverse time for both electrons and lithium ions. This also
offers flexibility and toughness to absorb the contraction and
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Fig. 7. Consecutive cycling behaviour of a-LiFeO, and a-LiFeO,-C nanocomposite
electrodes at different rates.
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expansion during lithium-ion insertion/extraction, which would
help to enhance the electrochemical performance [12,46-49]. On
the other hand, carbon incorporated into the pores among the
nanoparticles and the carbon coating around the nanocrystals,
which could further extend the surface area and provide the car-
bon shell on the surface of the a-LiFeO, nanoparticles, are also
beneficial for the electrolyte diffusion into the bulk of the anode,
provide fast transport channels for the Li ions, and accommodate
the volume variation more effectively, thus increasing the struc-
tural stability of the electrode and protecting the film from further
high volume expansion during cycling [50,51]. So, it is believed
that the carbon incorporated into the porous conductive architec-
ture among the nanoparticles not only has benefits in terms of
decreasing the absolute volume changes and the mobility of the
lithium ions, but also offers a conductive pathway along the whole
interconnected wall in the structure, which is favourable for the
transport of electrons, promotes liquid electrolyte diffusion into
the bulk material, and acts as a protective layer during the redox
reaction.

4. Conclusions

In summary, our facile method consists of synthesizing a car-
bon coated nanocrystalline porous a-LiFeO,-C composite by using
the molten salt method followed by a carbon coating process,
where malic acid provides a conductive network and carbon source
as well. This conductive network in combination with the car-
bon incorporated into the nanopores was confirmed by FE-SEM
and TEM observations. For comparison, nanocrystalline a-LiFeO,
was also investigated. The «a-LiFeO,-C nanocomposite electrode
delivered a higher reversible capacity and more stable cycle life
compared to a-LiFeO, electrode. The high electrochemical per-
formance can be ascribed to the novel, high-surface-area, carbon
incorporated, porous conductive architecture, which can facilitate
the contact between active materials and the electrolyte, enhance
lithium and electron transport, and accommodate the volume vari-
ation during cycling. This work provides a simple and feasible
platform for further advances in carbon-based nanoporous com-
posites for different applications.
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