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We propose a novel approach to synthesize graphene sheets with ﬁne quality by calcinating the composites intercalated with
montmorillonite (MMT) and asphaltene. The graphene sample thus fabricated could reach 10.79 μm long, with smooth and
continuous morphology and with little defects. By analyzing the XRD patterns of graphene/MMT composites at diﬀerent
conditions, the graphene formation mechanism is elucidated and the optimal calcination conditions are researched. This study
may provide useful insights for low-cost and scalable fabrication of graphene from asphaltene extracted from heavy crude oil.

1. Introduction
Since discovered in 2004, graphene has been shown to have
prominent physical and electronic properties. Many strategies are developed to prepare graphene, such as oxidationreduction process, and chemical vapor deposition [1, 2].
However, those methods are high-energy consumptive and
the fabrication cost can also be high.
Recently, the fabrication of graphene by converting the
low-cost asphalt into carbon nanomaterials provides an
alternative approach to take advantage of the byproduct of
heavy crude oil [1]. The fundamental aromatic rings of
asphaltene can be regarded as fragments of graphene, and
the molecular diameter of asphaltene is 1.5~5.0 nm, which
provides an ideal template for graphene formation. Through
the calcination process, the aromatic moieties of asphaltene
recombine to become graphene.
The 8-10 layers of graphene sheets fabricated from the
previous study [1], however, do not testify the prominent
proprieties of graphene. A new method needs to be developed
so that single-layer graphene or low-layer graphene may be

fabricated by limiting the growth of graphene along the
vertical direction. Although the synthesis of graphene along
the vertical direction remains very hard to control, one could
apply a template so that the synthesis takes place within a
conﬁned volume. For that matter, the montmorillonite
(MMT) emerges as an ideal conﬁnement thanks to its 1 nm
natural interlamellar spacing structure. And the main purpose
of this paper is to fabricate large-dimension single- or lowlayer graphene through intercalation with MMT.
In practice, however, the 1 nm interlamellar spacing may
be too limited for the growth of graphene, and modiﬁcation
of the MMT is required. STAB is chosen for MMT modiﬁcation, through which the lamellar spacing of MMT can be
expanded from 1 nm to 2.1 nm [3, 4], which may provide
adequate spacing for asphaltene adsorption. By adjusting different combined calcination conditions including temperature and time, the calcination process is optimized in this
work, and large-dimension graphene sheets are prepared by
acid treatment. The prepared graphene is examined by
XRD, Raman, AFM, SEM, and TEM, and optimum fabrication condition is proposed. The work may inspire low-cost
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Figure 1: Schematic of preparation of large-dimension graphene sheets based on asphaltenes.

and scalable production of graphene through engineered
MMT and calcination process.

2. Experimental
2.1. Materials. Asphaltenes are extracted from Tahe heavy
crude oil. MMT is pretreated following the procedure
reported elsewhere [3, 5]: 50.0 g MMT is mixed with 4.0 g
Na2CO3 and stirred for 30 min every 3 h for 24 h. After that,
MMT is ﬁltrated by suction ﬁltration from the solution and
dried in an oven at 80°C in vacuum for 6 h. Next, 3.0 CEC
STAB is fed slowly into 5.0 wt.% MMT solution under stir
at 80°C for 4 h, followed by ﬁltration and washing until no
Br− is detected. Finally, the modiﬁed MMT is grinded and
then sieved by a 325-mesh sieve.
2.2. Preparation of Graphene. The procedure for graphene
synthesis is illustrated in Figure 1. Firstly, 1.0 g asphaltene
and 20 ml toluene are mixed and subjected to ultrasonication
for 1 h. Next, 10.0 g treated MMT is slowly fed in and stirred
for 1 h. Asphaltene/MMT composites are collected after ﬁltration and dried at 100°C in vacuum. The composite is then
pyrolyzed in N2 for 2 h at 700°C [1] and calcined in air for
15 min at 700°C in muﬄe. During this step, graphene is synthesized between the layers of MMT. Finally, the graphene/MMT composite is etched in the solution of 10 wt.% HF
and 10 wt.% HCl under stirring. The graphene is ﬁltrated
and dried until the color of ﬁltrate became transparent. After
acid wash, the absolute asphaltene could be scooped up from
the supernatant liquid.

3. Results and Discussion
3.1. Structural Characterization of Graphene. X-ray power
diﬀraction (XRD; Bruker) is used to examine the structure
of graphene [6]. Samples prepared from asphaltene/MMT
composites calcined in air with diﬀerent conditions are
examined, so that an optimal process may be identiﬁed.
Figures 2(c) and 2(d) show the comparison of XRD diﬀraction patterns of GN/MMT samples calcined in air at diﬀerent
times ranging from 15 min to 2 h, at 600°C and 700°C, respectively. According to the Bragg equation (2d · sin θ = n · λ), the
characteristic peak at 2θ = 23 15° corresponds to the interpla-

nar spacing value of 0.38 nm. The characteristic peak at 2θ
= 23 15° exists in all conditions except for 2 h calcinations
regardless of the temperature used.
In Figure 2(a), the weak peak at around 23.1° is nearly 0,
which indicates that there is no characteristic peak similar to
graphene. The weak peaks at around 23.1° for 2 h calcination
at both 600°C and 700°C (Figures 2(c) and 2(d)) indicate that
most of the graphene are burnt out, and the montmorillonite
is decomposed under such high temperature so that there are
no characteristic peaks of montmorillonite in Figures 2(c)
and 2(d). For other calcination conditions, the detailed information including peak height, full-width at half-maximum
(FWHM), and crystallinity of GN/MMT in XRD patterns is
presented in Table 1. The crystallinity is calculated by using
MDI Jade 6. The higher value of peak height in XRD indicates the larger amount. The results indicate that more graphene with lower crystallinity is obtained at 600°C, while
the sample with the highest crystallinity is obtained at 700°C.
Owing to the high crystallinity being positively correlated
with ﬁne quality, the condition of 15 min calcination at 700°C
is regarded as the optimal calcination condition in the present study. The puriﬁed graphene is obtained after acid erosion and wash. The XRD pattern of the puriﬁed graphene
at 23.09° (Figure 2(b)) shows that puriﬁcation improves the
crystallinity of graphene to 81.90% at the optimal condition
mentioned above. In addition, the peaks around 15°~17°
indicate the existence of some unconﬁrmed impurities.
Raman spectroscopy is useful for conﬁrming the presence of sp2 phase in graphene [7], and in Figure 2(e), two typical bands are shown at 1596 cm−1 (G band) corresponding to
the E2g phonon at the Brillouin zone and at 1346 cm−1 (D
band), indicating a disordered structure or the edge of the
sample associated with structural defects [2, 8–12]. The
intensity of D band is 125, and the intensity of G band is
152.5, thus the I D /I G intensity ratio (0.82) is much smaller
than the graphene similarly prepared from asphaltene by
Xu et al. [1], reﬂecting better quality with fewer vacancies
or disorder defects [13]. Since the adsorption spacing of
modiﬁed MMT is just about half of the spacing of modiﬁed
vermiculite [1], it provides more appropriate spacing for graphene synthesis and facilitates the fabrication of low-layer
graphene sheets. Owing to the smaller spacing for graphene
synthesis, the pyrolysis time in N2 can be increased from
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Figure 2: XRD patterns of modiﬁed montmorillonite (a) and puriﬁed graphene sheets (b) and diﬀerent calcining time of graphene/MMT
samples at 600°C (c) and 700°C (d) without erosion treatment and the Raman spectrum (e) of the prepared graphene with I D /I G 0.82 at
around 23.1°.
Table 1: Results of XRD analysis of graphene/MMT samples at six
conditions.
Temperature
600°C

700°C

Time
(min)

2θ (°)

Peak
height

15
30
60
15
30
60

23.11
23.09
23.12
23.09
22.92
23.12

21
97
97
33
67
33

FWHM Crystallinity
(°)
(%)
2.317
1.913
2.449
1.620
2.635
1.762

50.84
45.19
54.43
78.63
33.93
59.90

1 h to 2 h to ensure the adequate carbonization of asphaltene
molecules intercalated into MMT, and the I D /I G intensity
ratio is reduced consequently. And the step of calcination
in air removes the allotropes of graphene. These results are
consistent with the high crystallinity without allotropes from
XRD analysis.
3.2. Topographical Analysis of Graphene. Graphene sheet
prepared under the condition of 700°C for 15 min is under
investigation in the section. The topography and the thickness of prepared graphene are examined by atomic force
microscope (AFM; Veeco). Figure 3(a) shows that the graphene is coherent with little defects, attaining a length of
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Figure 3: AFM image (a) and height proﬁles (b, c) of the asphaltene-derived graphene sheet. SEM (d, e) and TEM (f, g) images of the
asphaltene-derived graphene sheets.
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10.79 μm and with a width of 6~7 μm. AFM analysis
(Figures 3(b) and 3(c), along lines AB and CD, respectively)
indicates a ﬂat feature with a consistent thickness of
~1.81 nm. Since the thickness of ideal single-layer graphene
is approximately 0.34 nm [14], the present graphene sheet
may represent three layers of graphene according to the
three-layer graphene with height ~1.9 nm by Li et al. [15].
Furthermore, the RMS (root mean square) roughness
estimated with AFM data is 0.31 nm over a 60 μm2 area
[16], reﬂecting an overall smooth surface of the graphene
plane [17].
The morphology of the graphene samples is investigated
using a scanning electron microscope (SEM; FEI NOVA
Nano SEM 450) and high-resolution transmission electron
microscopy (HRTEM; JEOL JEM-2100). Figures 3(d) and
3(e) show the scanning image of asphalt-derived graphene
sheet attached to a copper sheet. The graphene sheet is quite
smooth with little defects. In addition, a graphene sheet with
the size up to 600 μm can be obtained by using the current
method. According to the HRTEM images (Figures 3(f)
and 3(g)), the asphaltene-derived graphene sheet is fairly
smooth and transparent, which is in close agreement with
the observations in AFM.
According to relevant studies [18–20], double-layered
graphene sheet may become very attractive. To obtain even
fewer layers of graphene, the MMT may be modiﬁed from
hydrophilicity to lipophilicity without the expansion of interlamellar spacing of MMT, so that double-layered graphene
might be possibly generated within the interlamellar spacing
of around 1.5 nm. Moreover, recarbonization may lead to a
larger scale of graphene sheets. These studies will be carried
out in the future.

4. Conclusions
A novel low-cost approach to prepare low-layer graphene is
presented by intercalation of asphaltene and MMT. Thanks
to the appropriate interlamellar spacing provided by modiﬁed MMT, which blocks the crispation of asphaltene molecules to forming carbon nanotubes but only graphene
sheets. The intercalation degree of asphaltene by thermogravimetric analysis (TGA) and recycle of unreacted asphaltene
should be investigated in future works to get the optimal
strategy to maximize the yield. The longer pyrolysis time in
N2 atmosphere reduces the I D /I G intensity ratio and defect,
which improves the quality of the obtained graphene sheets.
In addition, the calcination process in air removes the allotropes of graphene to approach high crystallinity. By using
low-cost raw chemicals from the heavy oil and calcined at
optimal conditions (15 min at 700°C), three-layer graphene
sheets with large dimension and high quality (with high crystallinity and low defect ratio) are successfully obtained.
Microscopy examination conﬁrmed the integrity of the prepared graphene. The proposed methodology has the advantage over other chemical pathways, such as oxidationreduction, which may preserve the pristine structure and
maintain the integrity of graphene. The present work may
inspire further study of scalable production of low-layer graphene sheets.
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