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Lithium ion batteries (LIBs) have been widely used in portable
electronic devices since their first commercialization by the
Sony Corporation in the 1990s.[1] They are also considered an
attractive power source for electric vehicles and for stationary
energy storage of solar and wind power. Carbonaceous materials are commonly used as anode materials, but improvement
of their gravimetric capacity and safety is still required. Alternative higher capacity anode materials are well known and
notably include Si,[2–4] Sn,[5,6] and their alloys,[7–9] hydrides,[10]
phosphide,[11] oxides.[12–15] However, these materials show
large volume changes during Li-ion insertion and extraction,
leading to capacity loss during cycling. To improve the cycling
performance of these materials, a promising approach is to
use a buffer matrix, such as carbon, that can compensate for
the expansion of the reactants, thus preserving particle contact
essential for charge transmission. The matrix and anode materials are commonly prepared by mechanical mixing, loading,
coating or some combination thereof [1–4,8,9,16–20] (see Supporting Information Figure S1). However, in such formed mixtures, the large volume changes upon Li insertion can only be
accommodated by carbon to a limited degree, which offers only
a modest improvement in cycling stability. Long cycling leads
to loss of electrical pathway, resulting in capacity fading upon
cycling. Indeed, these alternative materials can be only used by
mixing a large content of conventional carbon electrode materials (e.g., graphite).
Graphite intercalation compounds (GICs) are formed by
insertion of atomic or molecular layers of different chemical
species between the layers of carbon in graphite facilitated
mainly by strong interplanar covalent bonding between carbon
atoms and a weak Van der Waals interplanar bonding between
the layers.[21,22] Hundreds of GICs have been investigated with
variety of intercalants[30–35] since their first synthesis in 1841,[29]
such as alkali metal, metal oxides, metal chlorides, bromides,
fluorides and oxyhalides, acidic oxides, and strong acids.[21]
They have been extensively studied as conductors, superconductors, catalysts, hydrogen storage, displays, and polarizers
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because of novel features in their structure, electronic, and
optical properties.[21–28] In the present work, we interestingly
found that the GICs with lithium-ion storage intercalatens (for
example, metal oxides, metal chlorides, etc.) can be used as an
new type of promising anode material for LIB, which shows
much better cycling stability than the other reported alternative
materials (Supporting Information Figure S1c).
FeCl3-GIC was selected as an example and was prepared by
the melt-salt method. We chose flake nature graphite (FNG)
as a host material. Scanning electron microscopy (SEM) in
Figure S2 (Supporting Information) shows that FeCl3-GIC is a
microsized material, around 5 μm, which depends on the size
of the flake nature graphite precursors used. The transmission
electron microscopy (TEM) images in Figure 1a show that the
as-prepared FeCl3-GIC retained the flake morphology of the
graphite precursor after synthesis. The high-magnification
TEM (Figure 1b) shows the wavy structure and expanded the
lattice fringe spacing (inset of Figure 1b, about 0.38 nm) due to
FeCl3 intercalation, which is higher than the value of the (002)
plane of graphite. Figure 1c shows the powder X-ray diffraction
(XRD) data of: FeCl3, FNG precursor, and FeCl3-GIC. Notably,
the characteristic XRD peaks of FeCl3 were absent in the FeCl3GIC. This is because the FeCl3 molecules were uniformly
intercalated within the interlayer space of graphite, forming a
graphite intercalated compound (i.e., FeCl3-GIC) rather than
a composite or mixture. However, the G(002) peak of graphite
can still be observed. We can presume that the graphite is not
fully intercalated by FeCl3. Furthermore, the FeCl3-GIC XRD
data showed some additional peaks that arise from FeCl3 intercalation. XRD (00l) reflections were indexed according to the
relation Ic = di + (n – 1)(0.335 nm), where: Ic is the unit cell
repeat along the c-axis, di is the GIC gallery height, n is the
GIC stage number, and 0.335 nm is the distance between two
adjacent graphene sheets. According to the obtained Ic and di
values, FeCl3-GIC exhibits a mixed stage compound characteristic with a main stage number of 7 together with stage numbers 3 and 5. Table S1 in the Supporting Information shows
the peak positions (00l) of all FeCl3-GIC phases and their corresponding interlayer spacing distance at various stage numbers.
These results are consistent with previous reported data.[21]
The electrochemical performance of FeCl3-GIC as an anode
material for LIBs was evaluated in a Li/FeCl3-GIC half cell.
Figure 2a shows the charge/discharge curves of FeCl3-GIC at
a current density of 50 mA/g within the potential window of
3.0 to 0.005 V. The FeCl3-GIC delivered a discharge capacity of
665 mAh/g and charge capacity of 506 mAh/g in the first cycle,
corresponding to an initial coulombic efficiency of 76%. As
found commonly in other electrode materials, this initial irreversible capacity is ascribed to the decomposition of electrolyte
during the formation of the SEI (solid electrolyte interface) film
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above 0.2 V has a capacity of 350 mAh/g.
This capacity most likely comes from the forG(002)
mation of LiCl accompanying the reduction
of Fe nanoparticles in the graphene layers
(see Supporting Information Figure S3). It is
worth noting that the observed capacity above
0.2 V (300 mAh/g) is much larger than the
estimated capacity from the content of FeCl3
FeCl3-GIC
(91mAh/g) (see Supporting Information
b)
Figure S4,S5), the excess capacity is most
likely due to Li-ion adsorption/desorption
on the surface of graphene sheet both sides
2nm
Graphite
of FeCl3 intercalated layer. It has been demonstrated that lithium's storage in graphene
typically exhibits a sloping curve, different
FeCl3
from that of graphite.[36] The potential below
5 nm
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0.2 V, with three plateaus, shows a capacity
of 200 mAh/g, which corresponds to the
2 Theta
conventional Li-ion insertion reaction in the
Figure 1. Characterization of FeCl3-GIC: a) TEM image; b) HRTEM image; c) the powder XRD natural interlayer of graphite to form a firstdata of FeCl3, flake nature graphite precursor and the FeCl3-GIC.
stage compound. The excess capacity contributed by Li-ion adsorption/desorption on the
surface of graphene sheet (both sides of the FeCl3 intercalated
on the surface of the electrode material during the first dislayer) critically depends on the stage number (see Supporting
charge, and partial irreversible decomposition of LiCl during
Information Figure S6). The low stage number compounds typthe first charge process (see Supporting Information Figure S3).
ically deliver a larger capacity than high stage. Figure 2b,c show
In subsequent charge/discharge cycles, a reversible capacity of
the discharge curves of FeCl3-GIC at different discharge rates
506 mAh/g was obtained; this is much higher than the theo(C). Here, the cells were first charged at 0.1 C and then gradretical value (372 mAh/g) of graphite materials. The discharge
ually increased to 20 C. FeCl3-GIC showed a remarkable rate
curve of FeCl3-GIC after the first cycle shows two distinct potencapability, delivering a discharge capacity of 300 mAh/g with
tial regions (above and below 0.2 V), where the curve shape
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Figure 2. a) Charge/discharge curves of FeCl3-GIC between voltage limits of 0 and 3.0 V at a current of 50 mA/g. b) Discharge curves of FeCl3-GIC at
various current densities. c) Variation in discharge capacities versus cycle number of as-prepared FeCl3-GIC. d) Cycle ability of as-prepared FeCl3-GIC
between voltage limits of 0 and 3.0 V at a current of 100 mA/g at room temperature and the temperature of 55 °C (inset).
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Most importantly, FeCl3-GIC also exhibits excellent cycling stability even at the high temperature of 55 °C: no capacity fading
was observed after 200 cycles (inset of Figure 2d), which is
attributed to its microsize scale, rather than nanosize scale of
the conventional alternative anode materials. It is well known
that nanosized electrode materials that work at low potential (or
high potential) can not be really stable with any relevant electrolyte solution, owing to the large electrode/electrolyte interface.
Therefore, the conventional nanosized electrode materials typically show poor cycling performance at elevated temperature.
In order to understand the charge storage mechanism of the
FeCl3-GIC, ex situ XRD was employed to characterize the FeCl3GIC at various charge/discharge depths. The results are given
in Figure 3a,b. At discharge to 0.75 V (vs. Li/Li+), the characteristic peaks of FeCl3-GIC almost disappeared, corresponding
to the decomposition of FeCl3 material thus indicating a phase
conversion reaction. Similarly to oxide and nitride electrode
materials, it can be inferred that FeCl3 reacts with Li according
to the following conversion reaction: FeCl3 + 3 Li+ + 3e−→ Fe
+ 3 LiCl. Because the formed Fe and LiCl is nanosize or much
small beyond the X-ray detectable limits, both the diffraction
peaks of Fe and LiCl are not observed. When further discharged
to 0.005 V, Li-ion ions intercalated into the natural interlayer
space of graphite. The characteristic peak of the G(002) phase
of FeCl3-GIC shifts corresponding to the formation of first-stage
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Figure 3. a) The initial discharge-charge curves of FeCl3-GIC. b) Ex situ XRD patterns of the FeCl3-GIC based composite electrode at different discharge/
charge states in the initial cycle. c) Fe K-edge XANES spectra of electrode at OCV, discharged state at 0 V, charged state at 3 V. d) Fourier transform of
experimental data for electrode at OCV, discharged state at 0 V, charged state at 3 V.
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capacity retention of 60% at 5 C (vs. 0.1 C). Even at the much
higher rate of 20 C, (discharge in 3 min) the material retained a
capacity of 220 mAh/g. These results (Figure 2b,c) clearly demonstrate that FeCl3-GIC has outstanding rate stability, which
can be attributed to its unique structure. Firstly, the regularly
stacked structure, where electrochemically active species are
sandwiched between a number of graphene layers, provides
a buffer matrix for the volume change of FeCl3 during lithiation. Secondly, the graphene layer provides unique electrical
conductivity, and thirdly, the presence of FeCl3 distributed in
the interlayer space expands the distance between the graphene
layers which allows rapid diffusion of lithium ions in and out of
the material. Finally, the redox reaction of the FeCl3 molecules
occurs in a potential range of 0.8–1.2 V vs. Li/Li+, which provides an effective potential buffer at high rate discharge process. Besides the excellent rate performance, the FeCl3-GIC also
displays excellent cycling ability. Figure 2d shows that FeCl3GIC had a reversible capacity as large as 480 mAh/g with 100%
capacity retention over the test period of 400 cycles (at a current density of 100 mA/g). To the best of our knowledge, this is
the longest achieved stable cycling period for a conversion/displacement reaction involving either metal chlorides or oxides.
Furthermore, we also confirmed that other metal chlorides
GICs, such CuCl2-GIC, NiCl2-GIC, and CoCl2-GIC exhibit the
same phenomena (see Supporting Information Figure S7–9).
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and second Li-GIC, from 26° to low angles, 24°, and 25°, corintercalation compound but with a promising new application,
responding to formation of first-stage and second-stage Liwas developed for lithium-ion batteries. The new material has
GICs. This phenomenon is consistent with the lithiation reaca reversible capacity as large as 500 mAh/g with 100% capacity
tion in the conventional graphite. Upon recharged to 3.0 V, see
retention after 400 cycles. The large capacity has three origins:
Figure 3b, the XRD data obtained at full charge depth does not
lithium-ion intercalation/deintercalation in the graphite interpresent any characteristic peak of FeCl3-GIC. The original struclayer; Li-ion adsorption/desorption on the surface of the graphene sheet; and formation/decomposition of LiCl. Compared
ture of the FeCl3-based graphite intercalated compound can not
to methods of carbon coating, loading and mixing, the GICs
be recovered reversibly after the first discharge process, while
provide a stable buffer matrix to accommodate volume change
it converts into a composite in which the nanosized or subof the guest material during lithiation and also have excellent
nanosized FeCl3 (at either an atomic or molecular level) is sandelectrical conductivity. The unique structure of GICs appears to
wiched between multilayered graphene. This point was also
effectively solve the bottleneck problem of preventing capacity
demonstrated by Raman investigation (see Supporting Inforloss due to large volume change. Most importantly, being difmation Figure S10). The reversible Li-ion extraction from the
ferent from the conventional nanosized metal oxides, metal
graphite layer causes the peak of G(002) phase shifts to 26 °C
chlorides of large surface area usually show poor cycling staagain. X-ray absorption spectroscopy (XAS) was used to investibility at elevated temperature, but the GIC, typically of microgate the local structure of Fe atoms in the composite electrode.
size, is very stable. Therefore, the GIC format has a promising
In Figure 3c, Fourier transformations of EXAFS (extended X-ray
practical application as well as an appropriately facile method
absorption fine structure) data also confirm the charge storage
mechanism. Here, the primary structure
(OCV) shows clear FeCl3 composition with
two peaks at 1.43 Å and 2.63 Å, which can be
attributed to Fe–Cl and Fe–Fe interactions.
When discharged to 0 V, the significant differences appear in the main peak at 2.10 Å,
which correspond to the backscatterer of Fe–
Fe interactions in the nano clusters. After
recharged to 3.0 V, the nano Fe disappeared
with the appearance of Fe-Cl interaction
around 1.43 Å. However, the primary FeCl3
phase was not recovered, and this new phase
can be described as an amorphous FeClx
structure. Furthermore, the EXAFS result
also confirms the Fe atom is bonded with Cl
atom rather than O atom (Supporting Information Table S2), which is also confirmed
by the charge/discharge test and CV test (see
Supporting Information Figure S11,S12).
In Figure 3d, the XANES (X-ray absorption
near edge structure) further confirm this
mechanism with apparent change at preedge and white line peaks. The lithiation
reaction in the GICs includes various mechanisms: Li-ion intercalation/deintercalation
in the graphite interlayer; Li-ion adsorption/
desorption on the surface of the graphene
sheet; and formation/decomposition of LiCl,
thus resulting in a larger capacity than pure
graphite (Figure 4). More importantly, the
regularly stacked structure (wherein electrochemically active species are sandwiched by a
number of graphene layers) provides a buffer
matrix for the volume change of FeCl3 during
lithiation. Also, the graphene layer provides
unique electronic conductivity. As a result,
the FeCl3-GIC exhibits more excellent cycling
stability and rate capability compared with
pure FeCl3 anode materials.
In conclusion, a novel anode material, FeCl3-GIC a well-known graphite Figure 4. Schematic illustration of the structure and the mechanism of Li reactivity of FeCl3-GIC.
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current density between 0.0 and 3.0 V using a LAND CT2001A Battery
Cycler (Wuhan, China). The cells were cycled at a lithium insertion into
GIC electrode was referred to as discharge and extraction as charge.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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Experimental Section
Materials Preparation: FeCl3-GICs were synthesized by a molten salt
method.[34] In a typical synthesis, 3.24 g anhydrous FeCl3 was mixed with
12 g of natural graphite powder. In order to remove all traces of water, the
mixture was dried at 120 °C under vacuum for 12 h before calcination.
The dried mixture of powders was heated to 600 °C in a sealed reactor
for 3 h in nitrogen atmosphere with a heating rate of 5 °C/min. Various
different graphite intercalation compounds (GICs) were obtained via a
similar procedure. After heating, the products were washed with 0.1 M
HCl and deionized water to remove the excess chlorides, and then dried
at 80 °C for 12 h.
Characterization of Structure and Morphology: The morphologies
and particle sizes were characterized by scanning electron microscopy
(SEM) in a Philips XL-60 scanning microscope and transmission
electron microscopy (TEM, JOEL JEM2010). The thermogravimetric
(TG) measurements were carried out on a Perkin-Elmer TGA 7 thermal
analyzer at a heating rate of 10 °C/min under a 40 mL/min air flow.
The phase composition of the obtained compounds was characterized
by X-ray diffraction (XRD, Bruker D8 X-ray diffractometer) with Cu Ka
radiation. For ex situ XRD experiments, CR2016-type coin cells were first
charged and discharged to different charge/discharge states, then the
cells were disassembled in an argon-filled glove box and the electrodes
were rinsed in dimethyl carbonate (DMC). The dried electrodes were
transferred for assembly in an ex situ XRD cell in which thin Al film was
used as a window.
XAFS Data Collection and Analysis: The X-ray absorption data at the Fe
K–edge of the sample was recorded in the fluorescent mode with Lytle
fluorescence detector at beam line BL14W of the Shanghai Synchrotron
Radiation Facility (SSRF), China. The station was operated with a Si
(111) double crystal monochromator. The photon energy was calibrated
with Fe metal foil. Data processing was performed using the program
ATHENA.[37]
Measurement of Electrochemical Properties: The electrochemical test
was carried out in CR2016-type coin cells. Metallic lithium was used as
the negative electrode. The working electrodes were prepared by mixing
94% FeCl3-GICs powders, 1% carbon black, and 5% polyvinylidene
fluoride (PVDF) dissolved in N-methylpyrrolidinone (NMP) and the
slurry mixture was then coated on Cu foil. After coating, the electrodes
were dried at 80 °C for 10 min to remove the solvent before pressing.
The electrodes were cut into 1 cm2 sheets, vacuum-dried at 100 °C for
24 h, and weighed before assembly. The typical mass loading of the
active material was ≈5 mg/cm2. The electrolyte solution comprised
1 M LiPF6/ethylene carbonate (EC)/ dimethyl carbonate (DMC)/ethyl
methyl carbonate (EMC) (1:1:1 by volume). The cells were assembled
with a Celgard 2300 film separator between the as-prepared cathode
and lithium metal anode. Cell cycling was carried out in an argon-filled
glove box. Charge-discharge experiments were performed at a constant
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