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Abstract

The electrochemical properties of flaky graphite containing carbon nanostructures, synthesized by a dissolution-precipitation

method from a carbon-rich cast iron melt, were investigated. The formation of the highly crystalline graphite was realized at

temperatures as low as 1600 jC. The presence of fullerenes and filamentous carbon structures on the graphite was confirmed by

X-ray diffraction, Raman spectroscopy and scanning electron microscopy. The reversible lithium intercalation capacity of the

graphitic product was more than 300 mAh/g. The first-cycle irreversible capacity was a mere 14%. The coulombic efficiency

seemed to stabilize at values >99% from the fifth cycle.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The elemental chemistry of carbon has undergone

a tremendous transformation with the discovery of

fullerenes [1] and carbon nanotubes [2]. By virtue of

their extraordinary structural, electrical and mechan-

ical properties, these allotropic modifications of car-

bon hold much promise as microscopic probes [3],

single electron transistors [4], nanotweezers [5],

hydrogen storage media [6], etc. The production of

such nanostructures is laborious and energy-intensive.

Preparation procedures include carbon arc-discharge

[2,7,8], laser ablation [9,10] and electron beam irra-

diation [11]. They may also be prepared by the

catalytic decomposition of hydrocarbons on metal

catalysts [12–16]. However, the yields from these

are very low (about 2%) [17], and the products require

careful purification. Thus, there is an immediate need

to devise low-cost methods for the preparation of

nanocarbon materials. Chernozatonskii et al. [18]

reported the synthesis of inclusions of fullerenes and

nanotubes in alloys of Fe–Ni–C and Fe–Ni–Co–C

at temperatures between 1250 and 1300 jC. Recently,
the formation of multi-walled graphite shells wrapped

around metallic catalyst particles, cockle-shelled

graphite filaments and multi-walled graphite nano-

tubes was demonstrated by Krivoruchko et al. [19]

in the catalytic carbonization of polyvinyl alcohol
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over iron particles at 600–800 jC. We have, in a

recent communication, shown evidence for the for-

mation of fullerenes in graphites precipitated during

the cooling of carbon-rich iron phases [20].

Our interest in these materials is in their applicabil-

ity as anodes in lithium-ion batteries, for which a low-

cost production method is of foremost importance. In

this letter, we describe the lithium intercalation–dein-

tercalation behavior of graphite flakes containing nano-

carbon structures prepared by a dissolution-precipita-

tion method from a carbon-rich cast iron melt.

2. Experimental

The graphitic material used in this study was

prepared by a dissolution-precipitation method in a

reducing atmosphere as described elsewhere [20].

Briefly, the method involves the formation of a super-

saturated solid solution of amorphous carbon in a melt

of cast iron at 1600 jC in a high-frequnecy induction

furnace and the subsequent precipitation of the carbon

as graphite by cooling. The precipitated graphite was

recovered by leaching away the metallic constituents

with 3 M HCl for 24 h, washing with double distilled

water, and drying.

The elemental composition of the graphitic product

was determined by a Perkin-Elmer CHN-2000 ele-

mental analyzer. The typical sample weight for ele-

mental analysis was 3 mg. The ICP-AES method

(ICP-MS model PE-Sciex Elan 6100DRC) was used

for the analysis of residual iron in the graphite. The

powder X-ray diffractogram of the graphitic material

was recorded on a Philips PW-1710 X-ray diffrac-

tometer fitted with a nickel-filtered Cu–Ka radiation

source between scattering angles of 5j and 80j in

steps of 0.05j. Surface morphology was examined by

scanning electron microscopy (Hitachi S-4700I).

Laser Raman spectroscopic measurements were per-

formed in the 1000–2000 cm� 1 region with a laser

radiation wavelength of 632.8 nm (Renishaw G-

17868 Raman spectrophotometer). The Raman results

Fig. 1. X-ray diffractogram of the dissolution-precipitated graphite.
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were fitted with a Renishaw software. A Rietan

software was used for the analysis of the X-ray

diffraction data.

The lithium insertion–deinsertion properties of the

graphitic material were studied in 2032-type coin cells

with a lithium metal foil as the anode and a 1 M

solution of LiPF6 in a 1:1 (v/v) mixture of EC/DEC as

the electrolyte. Graphite electrodes for the coin cells

were fabricated as follows. The graphitic powder was

made into a slurry with 8% PVdF binder and 2%

conducting carbon black additive in NMP. The slurry

was coated on to a copper foil using the doctor blade

method, dried in an oven for 90 min, and roller-

pressed. Circular discs were punched out from the

coated foil. Cell assembly was done in an argon-filled

glove box (VAC Model MO40-1), in which the mois-

ture and oxygen levels were maintained below 2 ppm.

Galvanostatic charging and discharging of the cells

were done at a 0.1 C rate between 3.0 and 0.05 V in a

multi-channel battery tester (Maccor Series-4000).

3. Results and discussion

3.1. Elemental analysis

The percentage composition of the graphitic prod-

uct was as follows: C (90.17), H (0.55) and N (0.65).

The H/C ratio was 0.07. The residual iron content in

the product was determined as 9.62 ppm.

3.2. X-ray diffraction

The catalytic effect of iron in the graphitization of

carbons in carbon-rich iron melts has been well

documented [21–24]. The graphitization process is

believed to be due to the G effect [24], a process by

which the carbon dissolves in the iron and precipitates

out as graphite, or due to the formation and decom-

position of carbide intermediates [24]. The sharp XRD

peaks indicate that catalytic graphitization occurred at

temperatures well below the otherwise high temper-

atures at which graphitization is normally expected to

occur. According to Oberlin and Rouchy [23], heating

a non-graphitic carbon with iron results in the for-

mation of a mixture of graphite and a graphitizable

phase. The authors [23] believe that an unstable phase

of iron carbide is formed, which subsequently decom-

poses to yield iron globules and a shell of graph-

itizable carbon surrounding the iron.

The powder X-ray diffraction pattern of the graph-

itic material is shown in Fig. 1. There is a strong peak

at a 2h value of ca. 26j, corresponding to the (002)

reflection. This shows that the product was highly

crystalline even though the preparation temperature

was as low as 1600 jC. The reflections for the other

hkl indices are comparatively weak, and are shown in

the enlarged pattern in the inset. The degree of

graphitization was determined to be 92% [20]. Addi-

tionally, diffraction peaks could be seen at 2h values

of 13j and 17j, corresponding to reflections of full-

erenes. We have already shown by a Rietveld analysis

of the XRD data that the graphite contained as much

as 4% by weight of fullerene molecules [20].

3.3. Raman spectroscopy

The Raman spectrum of the graphite recorded

between 1000 and 2000 cm� 1 is shown in Fig. 2.

Fig. 2. Raman spectra of the amorphous carbon precursor and the

graphitic product.
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Fig. 3. Scanning electron micrographs of dissolution-precipitated graphite showing (a) a flaky surface morphology; (b) and (c) filamentous and

fullerene structures.
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For comparison, the Raman spectrum of the amor-

phous carbon used for the preparation of the graphitic

product is also shown. Two bands can be seen in both

the spectra, one, the D-band around 1355 cm� 1, and

the other, the G-band around 1580 cm� 1. The G-band

is an inherent Raman band for the ideal graphite

structure, corresponding to the E2g vibration mode

[25]. The D-band, usually identified as the A1g mode,

is forbidden for the two-dimensional lattice of graph-

ite according to selection rules. However, for graphite

crystallites of finite sizes, the A1g mode will become

Raman active [26]. In other words, this band is

assigned to defects on the boundary of the carbon

layers. It can be seen that the D-band, which appeared

as a broad band in the spectrum of the amorphous

carbon, became lower in intensity and narrower after

graphitization. Similarly, the G-band became sharper,

indicating a high degree of graphitization in the

product. The ratio of the areas under the two bands

(AG/AD) registered a sharp increase from 0.3404 for

the amorphous carbon to 4.9768 for the graphitic

product, indicating a higher degree of graphitization.

3.4. Scanning electron microscopy

Fig. 3a shows the surface morphology of the

dissolution-precipitated graphite. Studies have shown

that the structural and morphological characteristics of

the graphitic materials obtained by the dissolution-

precipitation process depend inter alia on the nature of

the precursor materials and the thermal history [27].

Our graphite sample had a flaky appearance. Flakiness

is a characteristic of dissolution-precipitated graphites

obtained from carbon-rich iron melts [25,28]. High-

resolution SEM pictures (Fig. 3b and c) show exten-

sive micro-flakiness in the sample. Moreover, fiber-

like or filamentous carbon structures with nodular

interconnections can also be seen. The bright areas

represent high charge density areas, confirming the

presence of agglomerations of fullerene structures.

The formation of similar structures from hydrocarbons

on metal substrates has been reported, although some

of the products required high temperatures (3000 jC)
for graphitization [29]. The mechanism of formation

of fullerene and tubular structures by rolling or wrap-

ping of an extended planar graphene layer is unclear.

However, it appears that such structures are formed by

molecular additions in the c direction from hexagonal

graphite precursors. If the carbon atoms are assumed

to be interstitial in a matrix of liquid iron [30],

molecular assemblies may be expected to result by

strong bonding in the a direction as described by the

so-called ‘chicken wire’ model [31]. According to

Double and Hellawell [30], extensive weak boding

between the hexagonal monolayers in the c direction

can lead to flake formation. If a disorderly folding or

wrapping occurs, it can lead to spherulitic carbon

structures. The formation of fullerene-type molecules,

which have a low growth potential, is a specific

oriented folding of hexagonal sheets, a process in

which a few carbon atoms are eliminated in order to

accommodate the carbon pentagons so essential for

stereological matching [30].

3.5. Electrochemical studies

It can be seen from Fig. 4 that the dissolution-

precipitated graphite gives a high reversible capacity

of more than 300 mAh/g over an extended cycling

regime. A point to be noted is the low irreversible

capacity. The first-cycle irreversible capacity is just 50

mAh/g, a mere 14%. This is much lower than the

values commonly reported for irreversible capacities.

For example, Chang et al. [32] reported reversible

capacities between 217 and 233 mAh/g and irrever-

sible capacities of 25–38% for mesocarbon microbe-

ads graphitzed at 2400 jC. The corresponding values

for mesocarbon microbeads graphitized at 3000 jC
were 282–299 mAh/g and 21–30%. Thus, the present

material combines the twin advantage of a high re-

versible capacity and a low irreversible capacity. Fur-

thermore, the cyclability of the material improves with

Fig. 4. A typical cycling behavior of a coin cell with the dissolution-

precipitated graphite.
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cycle number. The coulombic efficiency gradually

rises from 98.0% in the second cycle to 99.0% in

the fifth cycle and to 99.3% in the tenth cycle. A

differential capacity plot derived from the data for the

second charge–discharge cycle is given in Fig. 5. The

different stages of intercalation can be discerned from

the plot. The clear demarcation of the various stages

is a hallmark of highly graphitized structures. As can

be seen from the figure, there are three well-defined

peak potentials during lithium insertion (charging of

graphite) at 0.20, 0.11 and 0.08 V. The peaks corre-

sponding to the deinsertion processes appear at 0.10,

0.15 and 0.23 V. Thus, it is clear that all the electro-

chemical processes that contribute to capacity

occurred below 0.25 V. Two interesting things about

this material synthesized by the dissolution-precipita-

tion method are the high capacity and cycling effi-

ciency. The high capacities may be related to the high

degree of graphitzation as well as to the additional

sites provided by the carbon nanostructures on the

graphites. Fullerenes [33–35] and carbon nanotubes

[36–38] have been demonstrated to yield lithium

insertion capacities of as much as 1400 mAh/g.

Although the content of such nanostructured materi-

als in the graphite is only 4%, it is believed that they

too contribute to the lithium intercalation capacity.

Further work is required to quantify the contribution

of nanotubular carbon structures to the capacity of the

graphites under study here. Most significantly, we

have demonstrated that the dissolution of carbon into

iron melts and its subsequent precipitation can offer a

relatively convenient and low-energy process for the

synthesis of nanostructured carbon materials with

high lithium intercalation capacities.

4. Conclusions

Electrochemical lithium insertion properties of a

crystalline graphitic material derived by the catalytic

graphitization (dissolution-precipitation) method in

melts of cast iron were studied. The formation of

the highly crystalline graphite was realized at temper-

atures as low as 1600 jC. The presence of fullerenes

and filamentous carbon structures on the graphite was

confirmed by X-ray diffraction, Raman spectroscopy

and scanning electron microscopy. The graphitic

product could reversibly intercalate more than 300

mAh/g equivalent of lithium. The first-cycle irrever-

sible capacity was a mere 14%. The coulombic

efficiency seemed to stabilize at values >99% from

the fifth cycle.
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