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A new graphite intercalation compound (GIC), n-octylammonium tetrachloroferrate^I^-graphite, has been 
derived from well-known ferric chloride graphite intercalation compound. X-ray diffration study shows that the 
basal spacing of this new GIC is 20.8 A. In order to investigate the local geometry around the iron atom in the 
graphite layers, X-ray absorption spectroscopy experiments were perfonned. The first discharge capacity of its 
exfoliated form is found to be 862 mAh/g, which is more than double the value of pristine graphite (384 mAh/ 
g). Such a drastic increase implies that the exfoliated graphite is a promising electrode material.

Introduction

Recently, many efforts have been made on the 
preparation of carbonaceous materials for anodes in Li-ion 
batteries.1*4 Some of them exhibit very large capacities 
beyond the theoretical expectation of graphite, 372 mAh/g.5~8 
Such carbonaceous materials have been obtained by the 
pyrolysis of organic precursors at the temperatures of 550- 
1000 °C," the mechanical milling of hard and soft carbons,7 
and the mild burning of graphites.8 In this study, we 
describe a novel route to a porous graphite with high 
specific area through an exfoliation of graphite intercalation 
compound (GIC). A rapid thermal decomposition of guest 
molecules in GIC may induce the layered graphite host into 
individual graphite sheets. In order to maximize this effect, 
an effort has made to intercalate long chain organic 
molecules to expand the interlayer spacing of graphite 
layers. Here, we describe the synthesis and characterization 
of a new GIC, n-octylammonium tetrachloroferrate(III)- 
graphite, and the electrochemical discharge capacity of its 
exfoliated form.

Experimental

The natural graphite (BG-39, Superior Graphite, USA) 
with the particle size of -12 pm was used as a starting 
material. FeCl3 (Aldrich, 97%) was purified by sublimation 
prior to use. As an organic intercalant n-octylammonium 
chloride was used.

At first, FeCl3-graphite intercalation compound was 
synthesized by conventional chemical vapor transport 
method,9 and then washed with 1 M HC1 solution to 
remove the excess FeCl3. A n-octylammonium 
tetrachloroferrate(III)-graphite was obtained by mixing FeCl3- 
graphite with excess n-octylammonium chloride in a pyrex 
tube, which was vacuum-sealed, and by reacting at 125 °C 
for 24 hours. For comparison, n-octylammonium chloride • 
Fe(기3 complex only was prepared. Stoichiometric amount of 
n-octyiammonium chloride and FeCl3 was put into the 1:1 
(v/v) mixed solution of n-hexane and ethanol, and then the 
solvent was slowly removed under reduced pressure in a 

rotary evaporator. Thermal decomposition of n-octylammo- 
nium tetrachloroferrate(III)-graphite was carried out at 400 
°C in a tube furnace for 10 hours in air. The resulting 
compound was washed with 1 M HC1 solution several 
times to remove iron-containing by-products such as Fe2O3.

The intercalation reaction and crystal structure of the 
samples were recorded by powder X-ray diffractometer 
(Phillips PW-1830) with Ni-filtered Cu-Ktz radiation (左 

1.5418 A).
BET specific surface area was calculated from N2 

adsorption isotherm measured at 77 K.
X-ray absorption experiments were carried out at the 

beam line 3C1 in Pohang Light Source (PLS), operated at 
2.0 GeV with a ring current of 80-100 mA. All the data 
were collected in a transmission mode, and a Si (111) 
double crystal monochromator was used with N2-filled 
ionization detector. The data analyses were performed with 
the computer program UWXAFS2,10 employing the curved 
wave theory using the scattering parameters obtained by 
FEFF6 code.11 The used data ranges of k- and R-spaces 
were 2.7-11 A 1 and 0.5-3.0 A, respectively.

Electrochemical measurements were performed in a two 
electrode test cell with the Li/IM LiPF6 in EC-DMC (50:50 
v/v)/graphite configuration. The galvanostatic discharge 
process was recorded at C/25 rate (at a constant current that 
can reach to zAx=l in LixC6 in 25 hours) using Arbin BT 
2043 multi-channel potentiostat/galvanostat. The cut-off 
voltage was set to 0.00 V for discharge (intercalation) and 
2.00 V for charge (deintercalation), respectively.

Results and Discussion

According to the powder XRD pattern for FeCI3-graphite, 
well-defined (00/) reflections corresponding to the 1st stage 
intercalation compound are observed (Figure 1(a)). The 
basal spacing of 9.4 A is well consistent with the value 
reported previously.912 The observation of a weak graphite 
(002) reflection is mainly due to the deintercalation of FeCl3 
during washing.12 Upon intercalation of n-octylammonium 
chloride into FeCl3-graphite, the basal spacing expands to 
20.8 A (Figure 1(b)) to form a n-octylammonium tetra- 
chloroferrate(III)-graphite(new GIC). This can be simply 
rationalized by the c-axis parameter (20.8 A) of this new
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Figure 1. Powder X-ray diffraction patterns of (a) FeCl3- 
graphite, (b) n-octylammonium tetrachloroferrate(III)-graphite 
(new GIC) together with remaining n-octylammonium chloride, 
(c) w-octylammonium chloride - FeCl3 complex and (d) the 
exfoliated graphite (—) compared with the pristine graphite (• ••).

GIC, which is the sum of the basal spacing of n- 
octylammonium chloride - FeCl3 (17.5 A) (Figure 1(c)) and 
that of graphite (3.35 A). The peaks of 24.1 A correspond 
to the excess n-octylammonium chloride remaining on the 
surface of the GIC. It is worthy to note here that the 
separation of these two phases might be impossible by 
simple washing due to the unstability of the intercalated 
phase. Figure 1(d) shows the XRD pattern for the exfoliated 
graphite calcined at 400 °C. For comparison, the diffraction 
profile of the pristine graphite is overlapped in the figure as 
denoted with dotted line. It is evident from the line 
broadening and reduced intensity in diffraction profiles of 
exfoliated graphite that the resulting graphite is finely 
divided with turbostratic plates arrangement. The BET 
surface area obtained by N2 adsorption isotherm of the
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Figure 2. N2 adsorption isotherm measured at 77 K.
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Figure 3. Fe K-edge XANES spectrum of n-octylammonium 
tetrachloroferrate(III)-graphite compared with that of FeCl3 as a 
reference.

exfoliated graphite is as large as 70 m2/g, while that of the 
pristine material is 10 m2/g (Figure 2). Such a drastic 
increase of surface area is mainly due to the graphite 
exfoliation.

In order to analyze the GIC structure, we carried out X-
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Figure 4. (a) Experimental k3-weighted EXAFS spectrum and 
(b) Fourier transforms (non-phase-shift-corrected) of experimental 
data (open circles) and model fits (thick line).
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Table 1. The best fit results of the Fe K-edge EXAFS spectrum 
(Zl/=149.15)a

bond length 国

Fe-Clt (tetrahedral) 2.19(6) A 0.00400 A2 -1.9 eV
Fe-Clo (octahedral) 2.44(2) A 0.00789 A2 -1.7 eV

"The fitting ranges for k- and R-spaces are 2.7 A A <k< 11 A"1 
and 0.5 A<7?<3.0 A, respectively, and the fitting accuracy is 
about 0.02 A for bond distance, and 25% for Debye-Waller fac
tor (o2).

ray absorption spectroscopy experiments. Figure 3 shows 
the Fe K-edge X-ray absorption near edge structure 
(XANES) spectra for the new GIC together with that of 
FeCl3 used as the Fe3+ reference. The pre-edge peak at 
around 7113 eV can be assigned to the Is—>3d transition.1314 
It has been well known that the amplitude of this band is 
dependent on coordination number. Assuming that the edge 
jump height is unity, the normalized peak area (the height X 
FWHM) of 4-coordinated complexes is over 0.20 eV, and 
that of 6-coordinated ones is ranging from 0.04 to 0.09 
eV.13,14 The normalized pre-edge peak area of 0.16 eV in 
the new GIC corresponds to that of 5-coordinated Fe 
complexes ranging from 0.12 to 0.19 eV.13 But, according 
to our knowledge, no iron compound, coordinated only 
with 5 Cl atoms, has been reported in the literature. It is 
therefore assumed that there exist two different kinds of 
iron atoms, namely, one from FeCl3-graphite with 
octahedral symmetry and the other from the new GIC with 
tetrahedral symmetry. Such an assumption was confirmed 
by extended X-ray absorption fine structure (EXAFS) 
analysis. The Fe K-edge k3-weighted EXAFS spectrum of 
the new GIC is shown in Figure 4(a). The first fit was 
carried out with only one Fe-Cl bond, which leads to a very 
small value of Debye-Waller factor (o2=0.00012 A2) and a 

very large value15 (頌2=709.02), indicating that this 
structure model is inadequate. As the shape of the first 
coordination shell (Figure 4(b)) indicates the existence of 
two Fe-Cl distances, the second fit should have been done 
with two Fe-Cl bonds. The best fit results are given in 
Table 1. The peaks at about 1.7 A and 2.1 A (non-phase- 
shift-corrected) can be assigned to the contributions of 
tetrahedral Fe-Clt and octahedral Fe-Clo bonding pairs, 
respectively. The bond distance of Fe-Clt (2.19(6) A) in this 
new GIC is close to that in [PCl4][FeCl4] (2.185 A).16 The 
bond length of Fe-Cl0 (2.44(2) A) is also reasonable 
compared with that in Co(NH3)6FeCl6 (2.393 A) and that 
obtained from theoretical calculation (2.38 A).17,18

As shown in Figure 5, the voltage profiles of the 
exfoliated graphite and the pristine material during the 
discharge process are compared each other as a function of 
gravimetric specific capacity. The voltage plateaus of the 
pristine graphite are due to the specific staging phenomena 
during intercalation.2 In contrast, the voltage profile of the 
exfoliated graphite gives no distinct plateau in the whole 
range, indicating that a surface grafting of lithium ions 
occurs during the discharge. It is worthy to underline that 
the capacity of the exfoliated graphite is twice larger than 
that of pristine graphite. Even though further electro
chemical investigation should be done to improve the 
reversible capacity and the long term cycling behaviors the 
exfoliated graphite is expected to be a promising electrode 
material.
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Figure 5. Voltage profiles during the discharge of (a) the 
pristine graphite and (b) the exfoliated form as a function of 
gravimetric specific capacity.
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