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A B S T R A C T

We report the effect of treatment at high temperature (2000 °C) on the exfoliation of a graphene that had been
prepared by amine-treatment of an FeCl3-graphite intercalation compound and by preheat-treatment at low
temperature (900 °C). A well expanded morphology was produced by the exfoliation, and the expansion did not
lead to significant defects in the graphene sp2 sheet after heating at 2000 °C. The exfoliated graphene also
exhibited an enhanced capacitance. It should be noted that this heat-treatment method at ultra-high temperature
provides a physical procedure for defect-free graphene exfoliation following the electrochemical performance.
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1. Introduction

Graphene exfoliation has become hot research topics in the field of
nanocarbon materials after the Scotch™ tape method was discovered
[1]. Exfoliated graphene possesses unique optoelectronic properties and
offers excellent prospects for practical applications leading to a ne-
cessity for the development of suitable scalable methods for its pro-
duction [2,3]. As with other nanomaterials, top-down methods are
commonly used for graphite exfoliation. Physical and chemical routes
have been developed to obtain highquality graphene layers. Physical
routes usually involve the use of Hansen solubility parameters with
mechanical exfoliation in different aqueous/organic media [4]. Al-
though they yield graphenes with relatively high-quality, the yields are
rather low and require improvement [5]. Incidentally, Hummers‘
method has been widely used for chemical exfoliation [6] and these
methods have been developed to produce graphenes with improved
quality [7,8].

On the other hand, graphite intercalated compound (GIC) research
has become a fascinating popular field of investigation [9,10]. The in-
tercalated (donor/acceptor) compounds might be used to provide a
scalable and less-defective exfoliated graphene, which could be useful
in various applications. GIC such as lithium or calcium intercalated
graphites is the principal materials used for lithium ion/air batteries
[11] and superconductors [12–14]. Meanwhile, potassium intercalated
graphite has been exfoliated by using a strong exothermic reaction re-
leasing hydrogen gas [15]. Most donor-type intercalated compounds
ought to be susceptible to exfoliation by applying hydrogen generation
reduction reactions and microwave exfoliation [16,17]. Recently, GIC
exfoliation using microwave reaction has been more widely used [18].
However, this mild exfoliation process requires further improvements
in terms of scalability and of optimization on the quality of the gra-
phene produced. The excellent performances achieved for sodium ion
batteries are due to a co-intercalation mechanism rather than the strong
oxidative conditions [19].

Thus, the thermal exfoliation of doped graphite, GIC and other
graphite composites is a widely-focused issue. That is, heat-treatment of
these materials can effectively enhance graphene production and elec-
tronic properties. Well-exfoliated sulphur-doped graphene was pro-
duced after thermal annealing of graphene oxide in sulphur atmosphere
[20,21]. Similarly, N, P or S-doped graphene is also exfoliated [22].
These expanded graphite composites showed better exfoliation than
reduced graphite oxide and heightened electrochemical properties. The
intercalated metals are thought to improve electronic properties by
promoting charge transfer between graphene layers and the dopant
elements [23,24]. These electronic aspects of intercalated graphene
produce distinct graphene layers due to variations in the Fermi energy
level. Nevertheless, exfoliation procedures performed at higher tem-
perature increases the functionalization and defects of the graphene
[25]. Therefore, producing a non-defected and well-expanded graphene
is highly required.

Herein, we report the thermal expansion of amine-treated FeCl3-
GIC. The expansion was carried out by a physical process and could be
developed as a process for graphene exfoliation. Additionally, the
electrochemical performance of this expanded graphene was also
tested. This expansion procedure will significantly endure graphene
exfoliation through a defect-less technique.

2. Experimental section

2.1. Materials

Graphite flake powder was purchased from Ito Co., Tokyo, Japan.
Dodecylamine and N-methylpyrrolidone were purchased from Acros
Organics, Belgium. Polyvinylidene fluoride (molecular weight 275,000
by gel permeation chromatography) was obtained from Sigma Aldrich,
USA. Sodium chloride was purchased from Nacalai Tesque,
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2.2. Thermal treatment

Amine-treatment of stage-1 FeCl3-GIC and pre-heating (at 900 °C for
2 min under air atmosphere in a muffle furnace) of amine-treated
graphene were performed by previously published methods [26,27].
Amine-treated and pre-heated graphene was heat-treated for 30 min at
2000 °C, which was reached at a heating rate of 25 °C/min under N2 gas
atmosphere [28], yielding the product.

2.3. Characterizations

Scanning electron microscopic (SEM) images were collected using a
Hitachi S-4800 SEM operated at an accelerating voltage 5 kV with
10 μA emission current. SEM specimens were prepared on clean silicon
substrates by dropping a pyridine dispersion of each sample followed by
drying in air for 2 h. Specimens were sputtered with platinum metal
(∼2 nm) using a Hitachi S-2030 ion coater prior to SEM measurements.
Raman spectroscopic analysis was performed on the powdered gra-
phene spread on a copper stage using a Jobin-Yvon T64000 equipped
with a green laser (λ = 514.5 nm, laser power = 0.1 W). Scans were
performed for 10 s with 10 times accumulation using 100×magnifi-
cation. Transmission electron microscopic (TEM) images and selected
area electron diffraction (SAED) patterns were obtained by using a
JEOL Model JEM-2100F operating at 200 kV. TEM specimens were
prepared by dropping a pyridine suspension of sample (suspension
condition: 3 h at 30 W) onto a standard carbon-coated copper grid
followed by drying in air for 4 h. X-ray photoelectron spectroscopic
(XPS) measurements were performed on a Theta Probe spectrometer
(Thermo Electron Co. Germany) using monochromated Al−Kα radia-
tion (photon energy 15 KeV, maximum energy resolution ≤ 0.47 eV,
maximum space resolution ≤ 15 μm). Thermogravimetric analysis
(TGA) was performed with Hitachi HT-Seiko Instrument Exter 6300
TG/DTA and Q 500 TA instrument. The specimen was heated from the
ambient temperature to 1000 °C at 10.0 °C min−1 under air atmo-
sphere. Nitrogen adsorption/desorption isotherms were recorded on
BELSORB Max for the estimation of Brunauer–Emmett–Teller (BET)
surface area.

2.4. Electrochemical measurement

Cyclic voltammetric (CV) and charge/discharge measurements at
room temperature were performed in an aqueous electrolyte solution
(1.0 M NaCl) on a Zahner Zennium E electrochemical workstation
(model CH850D, Germany), using a three-electrode system with glassy
carbon working electrode (10 mm diameter, ALS, Japan), Ag/AgCl re-
ference electrode, and platinum wire counter electrode. For the pre-
paration of the working electrode, samples were sonicated with poly-
vinylidene fluoride and N-methylpyrrolidone (10% binder ratio) to
form a homogenous suspension, and then the suspension was dropped
onto the glassy carbon electrode followed by drying at 50 °C for 12 h.
The potential window range was set between 0 and 0.8 V and scan rate
was varied from 5 to 500 mV s−1. The specific capacitance (Cs) of the
electrode materials was calculated from the CV curves using a pre-
viously reported standard equation [29]. Cyclic stability of the working
electrode was tested over 20,000 charge/discharge cycles at 20 A g−1.
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3. Results and discussion

Amine-treated graphene (G-90), prepared from FeCl3-GIC by
treating with dodecylamine (DA) for 6 h at 90 °C, was heated for 2 min
at 900 °C in air to produce G-900, which was then further heat-treated
for 30 min at the higher temperature of 2000 °C under nitrogen atmo-
sphere to further expand the graphene (G-2000) (Fig. 1). It could be
observed from SEM images of the powder samples that each heat-
treatment process caused a remarkable morphological expansion of the
graphene layers (Fig. 2). The interlayer expansion increased with in-
creasing processing temperature from G-90 to G-900 to G-2000 with G-
2000 having greatest degree of homogenous expansion (Figs. 2, and
S1–3). These features of expanded graphene are imperative, since the
graphene is resistant against high temperatures with occurring expan-
sion rather than combustion. Additionally, Figs. S4–6 show different

magnifications of SEM and TEM images of the exfoliated graphene
flakes with numerous sizes after sonication in pyridine.

Expansion caused by heat-treatment increases the volume of G-90
[27], and similar volume increases have also been observed for ex-
panded obtained from other donor and acceptor type intercalated
graphite [30], where polyethylene terephthalate, potassium perman-
ganate and others have been utilized as intercalator compounds
[31–33]. Acetic anhydride and strong oxidizing agents have also been
used for the expansion procedure [34], while a more sophisticated laser
irradiation procedure has been applied to sulfuric acid-intercalated
graphite and sodium-intercalated expanded graphite [35]. On the other
hand, acceptor type GICs including aluminium oxide-intercalated gra-
phite obtained by a roll milling technique exhibited a similar expanded
morphology [36]. This expanded graphite could be formed of uniform
thin layers, a feature of which is significant for device fabrication. These
processes are triggered by the presence of dopants (acids or polymer
molecules), which promote the expansion behaviour of graphene.
However, the majority of these previously reported expansion techni-
ques introduced major imperfections or defects to the graphitized basal
surface [37,38].

The present procedure does not lead to such faults, since the ex-
pansion is performed by heat-treatment in the absence of any ag-
gressive chemical reagents or procedures. The expansion could be
clearly observed by the presence of thin exfoliated sheets even after
mild sonication in pyridine as it can be seen in the TEM image (Fig. 3a).
The expansion due to an effective heating process could also be clearly
observed at the edges of graphene sheets. The high resolution (HR)-
TEM image (Fig. 3b) shows ultra-thin graphene sheets with clear single,
double and few layers. Electron diffraction patterns of selected area also
confirmed the existence of the few layered areas (Fig. 3c). Raman
scattering spectra (Fig. 4) clearly indicate non-defective expansion with
minimal defects even after heat-treatment of the graphene at 2000 °C:

Fig. 1. Schematic representation of the production of G-2000. DA: dodecylamine.

Fig. 2. SEM images of (a and b) G-90, (c and d) G-900, and (e and f) G-
2000.
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Raman spectrum of G-2000 displays mostly sp2 carbon (G band
∼1580 cm−1) but the D band at ∼1350 cm−1 corresponding to sp3

carbon is very weak. Similar Raman data were observed for G-90 and G-
900, demonstrating the fact that high-temperature treatment does not
destroy the hexagonal graphitic structure. Chromium-intercalated gra-
phene showed similar Raman behaviour with minimum defects [39],
and similarly, ammonium persulfate- and potassium-intercalated gra-
phite also induced only mild distortion and defects in the graphene
surface upon expansion [9,40] despite the oxidizing power of the pro-
cessing reagent. In contrast, most other exfoliation procedures result in

highly-defected graphene.
The ID/IG ratio (the area ratio of D and G Raman bands) of thermally

expanded G-90 was also found to be very low when compared to gra-
phene exfoliated by other methods. The ID/IG ratio of 0.05–0.08 for G-
90, G-900 and G-2000 (Fig. 4) clearly indicates that the majority of
carbon atoms are sp2 but not sp3. In contrast to N-doped graphene
exfoliated by applying microwave irradiation that produced highly
defected graphene oxide [41], G-2000 contained scarce defects com-
parable to the case of potassium-intercalated graphene and fullerene-
derived carbon microtubes [28,42]. Moreover, regarding to 2D band at
2720 nm, which reflects the multiplicity of layers in graphene, the area
ratio 1.38 of I2D/IG indicates that the expanded graphene is composed
mostly of exfoliated-thin graphene flakes [43]. This is consistent with
TEM observations (Fig. 3).

XPS survey results (Fig. 5a) showed the core level peaks for carbon
(C 1s), nitrogen (N 1s), oxygen (O 1s) and iron (Fe 2p) for G-90. MGC-
900 showed XPS peaks corresponding to C 1s, O 1s and Fe 2p demon-
strating the loss of amine due to the heat-treatment. However, fol-
lowing heat-treatment at 2000 °C, only core level XPS peak corre-
sponding to C 1s remained. An XPS C 1s peak of G-90 (Fig. 5b) was
deconvoluted into four peaks at 284.7 eV (C]C: sp2 carbon), 285.7 eV
(CeC: sp3 carbon), 286.3 eV (CeN), and 286.9 eV (CeO), and the XPS C
1 s peaks at 286.3, and 286.9 eV corresponding to CeN and CeO
carbon disappeared following heat-treatment to G-900 and G-2000
(Fig. 5c and d), indicating removal of dodecylamine and contaminants.

Expansion of graphene may be accompanied by an increase in the
surface area. Nitrogen adsorption/desorption curves (Fig. 6a) showed
clear differences in the sorption properties with increasing heat-

Fig. 3. (a) A TEM image of G-2000, (b) a HR-TEM image of the edge of a G-2000 sheet
and (c) diffraction images of the edge of a G-2000 sheet at the position numbered in
Fig. 3(b).

Fig. 4. Raman scattering spectra of G-90, G-900 and G-2000.

Fig. 5. (a) Corresponding XPS survey spectra and XPS core level C 1s spectrum of (b) G-
90, (c) G-900 and (d) G-2000.

Fig. 6. (a) Nitrogen sorption isotherms of G-90, G-900, and G-2000, and (b) TGA curves
of graphite, G-90, G-900, and G-2000.
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treatment temperature, although G-90, G-900 and G-2000 exhibited
similar Type II adsorption isotherms. The surface area of G-2000
(53 m2 g−1) is more than 3 times higher than that of G-900
(17 m2 g−1). This relatively enhanced surface area can be attributed to
the interlayer expansion of graphite caused by heat-treatment. To fur-
ther prove the effect on the expansion of graphene, TGA was measured
under air atmosphere (Fig. 6b). Graphite showed a complete decom-
position at 800–1000 °C, while G-90 was partially decomposed around
400 °C, due to the presence of amine compounds, and the decomposi-
tion of graphene occurred at 600–700 °C. Meanwhile, G-900 showed
mainly the weight loss by burning of graphene at 600–700 °C after the
decomposition of a small content of residual amine. which did not
permit the complete decomposition of the amines present. Meanwhile,
different from G-90 and G-900, G-2000 showed a complete decom-
position of graphene around 600–700 °C with no organic compounds
remaining. This clearly suggests that the amine compounds and other
contaminants are totally decomposed by heat-treatment at 2000 °C.
These results are consistent with the XPS results. TGA results indicated
residues above 700 °C, where all organic and graphitic moieties were
burned. These residues are iron oxide and it at 1000 °C amounted about
20, 40 and 7 wt% for G-90, G-900 and G-2000. The increase from G-90
to G-900 is attributed to the reduction of dodecylamine and the de-
crease from G-900 to G-2000 is due to the partial remove of iron oxide.
The exfoliation of G-90 sheets were demonstrated by the disappearance
of X-ray diffraction (XRD) peaks and, instead, weak small angle X-ray
scattering peaks appeared [26]. Similar no-Bragg peaks in XRD patterns
were observed for G-900 and G-2000 sheets (data is not shown), in-
dicating the maintained exfoliation and no restacking on the process of
heat treatment.

While the expanded graphite materials have been utilized in lithium
ion batteries [44], electrochemical performances of the expanded gra-
phene in the present investigation were studied by CV measurements
using a three-electrode system. The well exfoliated graphene flakes
were obtained after sonication in pyridine, as seen in Figs. S4–6, and
these flakes were utilized for electrode materials. The quasi-rectangu-
larly shaped CV curves obtained for G-900 and G-2000 are typical
characteristics of an electrical double layer capacitor (EDLC) with
correlated dependence on the scan rate (Fig. 7a and b). It was found
that G-2000 carried a higher current than G-900, suggesting a higher
specific capacitance (Cs) value. The Cs of 90 F g−1 obtained for G-2000

at the scan rate of 5 mV s−1 is 3.7 times greater than that observed for
G-900, demonstrating that G-2000 is more effective as an electrode
material for energy storage than G-900 (Fig. S7a). The improved su-
percapacitive performance of G-2000 over G-900 can be explained by
the effective expansion of graphene layers in G-2000, which exhibit an
electrochemically accessible surface area allowing electrolyte ions ea-
sier access to the graphene surfaces.

Charge/discharge measurements were also performed to estimate
the rate capability and cyclic stability of the electrode materials. The
triangular shape of charge/discharge curves (Fig. 7c), which is typical
of EDLC, showed a correlated response for current densities with ca-
pacitance retention of ∼54% at a high current density of 10 A g−1 (Fig.
S7b). This demonstrates well (scan and charge/discharge) rate perfor-
mances for G-2000. Additionally, the charge/discharge curves provided
an ultrafast charging time of ∼0.8 s. at 10 Ag−1, which is suitable for
emergency uninterruptable power supply devices. Keeping in mind that
supercapacitor devices in real practical applications require high cyclic
stability, we examined the cyclic stability of the G-2000 electrode by
recording charge/discharge curves (Fig. 7d). In addition to the high rate
capability described above, G-2000 showed excellent long term cyclic
stability sustaining approximately 98% capacitance retention even up
to 26,000 cycles at current density of 20 Ag−1. Such extremely stable
performance is a unique behaviour of G-2000 compared to other gra-
phene and their composites (Table 1).

It should be noted that when fullerene crystals were heat-treated at
2000 °C, surface area increased by orders of magnitude due to the
formation of large numbers of defects in the form of mesopores, since
fullerene crystal was completely distorted and reformed in graphitic
carbon tubes [28]. Although a similar heating procedure was performed
in the present work, it produced almost defect-free graphene (without
mesopore formation) maintaining the main sp2 structure and mor-
phology. This fact is evidently due to the effective expansion of the
layered graphene structure and a resulting increase in the surface area,
which allows improved accessibility for electrolyte diffusion into the
electrode surface. The resulting enhanced electrochemical performance
involves increasing capabilities and excellent cyclic stability.

4. Conclusions

In this work, we have prepared graphene from graphite through the
expansion of dodecylamine-treated FeCl3-GIC. Expansion was achieved
by heat-treatment at 2000 °C for 30 min after treatment at 900 °C for
2 min without using strong acids or bases in order to avoid the in-
troduction of disadvantageous defects to the resulting expanded gra-
phene products. Dodecylamine was completely removed after the final
heating procedure. The heat-treatment procedure of 2000 °C caused
greater expansion than heat-treatment at 900 °C with the consequence
that the surface area of G-2000 is three times higher than that of G-900.
G-2000 showed efficient supercapacitive performance higher than that
of the G-900. This novel material exhibits high rate capability as well as
ultra-high cyclic stability sustaining ∼98% capacitance retention after
26,000 charge/discharge cycles. The present method represents a
simple method for graphene expansion/exfoliation by ultra-high

Fig. 7. (a) CV curves of G, G-900 and G-2000 versus Ag/AgCl in 1 M NaCl aqueous
electrolyte at a scan rate of 50 mV s−1, (b) CV curves of G-2000 at different scan rates
(5–500 mV s−1), (c) charge/discharge curves of G-2000 at different current densities, and
(d) cyclic stability test of G-2000 at 20 A g−1.

Table 1
Comparison of cyclic stability of graphene-based electrodes.

Electrode
Material

Cell Electrolyte Conditions Stability Ref.

3D-G/PANI 3 electrodes 1.0 M H2SO4 1 Ag−1 85% [45]
G/ppy 3 electrodes 1.0 M H2SO4 100 mVs−1 85% [46]
Ppy/Fe oxide/

rGO
3 electrodes 1.0 M H2SO4 1 A g−1 93% [47]

rGO/PANI-0.1 symmetric 1.0 M H2SO4 4 A g−1 76.5% [48]
G-2000 3 electrodes 1.0 M NaCl 20 A g−1 98% This

work
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temperature treatment. It might also lead to the development of a fa-
mily of new hybrid materials containing metal oxides anchored at de-
fect-free sp2 carbon graphene surfaces.
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