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The strategy to regularly arrange and join the polycyclic aromatic hydrocarbons of asphalt
into graphene was explored. Expanded vermiculite with a multi-layered structure was used
to adsorb asphaltene molecules onto its surfaces or into its interstices, and graphene
sheets with 8-10 graphene layers and a width of tens of microns were obtained by carbon-
ization of the regularly-arranged asphalt molecules. The formation of graphene layers is
ascribed to not only the regular arrangement of asphaltene molecules due to the adsorp-
tion by vermiculite layers but also the joining of the asphaltene molecules catalyzed by
the Fe-containing vermiculite surfaces. By the preabsorption of melamine on vermiculite,
a nitrogen-doped graphene-carbon nanotube hybrid was produced from asphalt. As
anodes for Li-ion batteries, the obtained graphene materials exhibited increased capacities
and rate performance as compared to the widely-used reduced graphene oxide, indicating
that the asphalt-derived graphene materials have a reasonable quality.

© 2013 Elsevier Ltd. All rights reserved.

been done in the structure control of the asphalt-derived car-
bon materials during carbonization. Asphaltene molecules
have a probable molecular weight of ~750 g/mol, and the is-

1. Introduction

Converting petroleum pitch to carbon materials by dehydro-

genation is an important approach to the mass production
of carbon materials and efficient usage of the fossil resource.
The carbon materials prepared from petroleum pitch include
active carbon [1-3], carbon foam [4,5], carbon fibers [6-8] and
versatile composite or doped carbon materials [2,9-13], and
have been widely used in the fields of water clearing, gas
adsorption, electrodes, etc. Recently, Cheng et al. [14] have
made use of the fumes from the thermal decomposition of as-
phalt to synthesize graphene papers on different substrates,
showing the possible conversion from asphalt to graphene
materials.

Up to date, it is still difficult to clearly understand the
molecular structure of asphaltene, and thus less work has
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land molecular architecture dominates with one aromatic
ring system per molecule [15-18], which can be regarded as
fragments of graphene with functional groups. In Fig. 1, the
asphalt macromolecules are illustrated as fragments of
graphene, and the functional groups are omitted since some
of the functional groups (such as hydroxyl groups) will be lost
and some (such as branched groups) might be converted into
new aromatic rings after carbonization. The structural simi-
larity between asphalt molecules and graphene has triggered
us to direct join asphalt molecules into graphene sheets. As
shown in Fig. 1, on the case that the asphalt macromolecules
are irregularly stacked, irregular joining of the asphalt macro-
molecules results in the formation of petroleum coke, which
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Fig. 1 - lllustration showing the carbonization mechanism of asphalt with different joining manners.

is usually composed of disordered graphite layers. If the frag-
ments can be regularly arranged, it will be possible to obtain
graphene by joining the ‘fragments of graphene’, as described
in Fig. 1, which is a novel strategy for the efficient usage of
heavy oil and the structure control of the asphalt-derived car-
bon materials. Theoretically, the direct joining of asphalt mol-
ecules is more efficient for graphene synthesis than the
synthesis from pyrolyzed asphalt [14]. However, due to the
complicated composition and structure of asphaltene, it is
not easy to precisely arrange and regularly join the polycyclic
aromatic hydrocarbons into graphene. As described by the
Yen—Mullins model [17,18], with sufficient concentration in
an asphaltene solution, asphaltene molecules form nanoag-
gregates with small aggregation numbers (<10) and with one
disordered stack of aromatics. At higher concentrations,
nanoaggregates form clusters, again with small aggregation
numbers (<10). As a result, petroleum coke with disordered
stacking of graphite layers is usually obtained after stabiliza-
tion and carbonization of asphalt. By now, no work on the di-
rect joining of asphalt molecules into graphene materials has
been reported.

Here, we used expanded vermiculite with a multi-layered
structure to adsorb asphaltene molecules onto surfaces or
into interstices, in order to realize a regular arrangement of
the asphaltene molecules. Graphene sheets with 8-10 graph-
ene layers and a width of tens of microns were synthesized by
carbonization of the regularly-arranged asphaltene molecules
on the Fe-containing vermiculite layers. The formation of
graphene layers is ascribed to not only the regularly arranging
of asphaltene molecules due to the adsorption by vermiculite
layers but also the joining of the asphaltene molecules cata-
lyzed by the Fe-containing vermiculite surfaces. Furthermore,
by the preabsorption of melamine on the vermiculite, a nitro-
gen-doped (N-doped) graphene-carbon nanotube (G-CNT) hy-
brid was produced from asphalt. The as-obtained graphene
materials were tested as anodes for Li-ion batteries, and
exhibited advanced capacities and rate performances as com-
pared to the widely-used reduced graphene oxide (rGO), indi-

cating that the asphalt-derived graphene materials have a
reasonable quality.

2. Experimental

Vermiculite was purchased from Lingshou, Heibei province of
China. The vermiculite is composed of 38.7% O, 7.9% Mg,
10.1% Al, 25.3% Si, 4.8% K, 1.2% Ti and 12.0% Fe (weight per-
cent), as analyzed by X-ray energy dispersive spectroscopy
(EDS, Fig. S1in Supporting Information). Asphalt was supplied
by Changging Refinery, China. Elemental analysis shows that
the asphalt is composed of 88.12% C, 9.93% H, 0.56% S and
1.06% N (weight percent).

In a typical run for graphene synthesis, 1 g asphalt was
dissolved in 30 mL toluene with the assistance of ultrasonica-
tion. Then, 10 g vermiculite was added into the asphalt-tolu-
ene solution and sonicated for 1h. After that, vermiculite
particles were separated from the solution by filtration, and
dried in an oven overnight at 100 °C. The asphalt-adsorbed
vermiculite was placed in a ceramic boat and annealed for
1h at 700 °C in Ar flow. After the carbonization, the obtained
material was washed with 10 wt.% HCI and 10 wt.% HF under
stirring, followed by filtration and drying.

The synthesis process using melamine as an addictive was
similar to the above synthesis process, except that melamine-
adsorbed vermiculite, rather than pure vermiculite, was used.
The melamine-adsorbed vermiculite was obtained by adding
10 g vermiculite and 6 g melamine into 150 ml H,0 and reflux-
ing for 1h. Thereafter, the suspension was cooled down to
room temperature, followed by filtration and drying.

The as-prepared materials were analyzed by scanning
electron microscopy (SEM, Quanta 200F), transmission elec-
tron microscopy (TEM, JEM 2010 operated at 200 kV), atomic
force microscopy (AFM, SPM-9600), X-ray photoelectron spec-
troscopy (XPS, PHI700), Raman spectroscopy (Renishaw
RM2000) with the laser excitation at 633 nm and thermogravi-
metric analysis (TGA, Q500) measured at a heating rate of
10 °C/min in a 50 mL/min O, flow.
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For electrochemical measurements, the graphene material
was firstly calcined at 400 °C in Ar flow to remove any possible
moisture or functional groups (such as hydroxyl groups)
formed during the purification procedure. The working elec-
trodes were prepared by casting a slurry containing 90 wt.%
active material and 10 wt.% polyvinylidence fluoride (dis-
persed in N-methyl-2-pyrrolidone) onto a copper foil, fol-
lowed by drying at 105°C for 8h to remove the solvent.
Then the electrodes were cut into disks and dried at 110 °C
for 12h under vacuum. Li sheets were used as reference/
counter electrodes, and 1M LiPFg dissolved in a mixture of
ethylene carbonate and dimethyl carbonate (1:1, v/v) was
used as electrolyte. Galvanostatic charge-discharge cycles
were tested at various current densities from 50 to 1000 mA/
g between 0.01 and 3.0V vs. Li/Li*. The AC impendence spec-
trum measurements were carried out on a CHI 660C electro-
chemical workstation by applying a sine wave with
amplitude of 5.0 mV over the frequency range from 100 kHz
to 0.01 Hz. Fitting of the impedance data was conducted by
Zview (software), using “unit weighting” as the type of data
weighting.

3. Results and discussion

The strategy for regularly arranging and joining asphalt mol-
ecules into graphene is shown in Fig. 2a. Asphalt solution was

Pt

(a e Asphalt solution
[ ]

~

Vermiculite Adsorption

>

Calcination
in Ar

»

adsorbed into the interstices between vermiculite layers,
forming a thin coating of asphalt molecules on the surface
of vermiculite layers. Graphene sheets were obtained by car-
bonization of the well-arranged asphalt molecules. As shown
in Fig. 2b and c, the vermiculite used in this work is a russet
powder with a layered structure in width of 200-500 pm. In
the soaking process, we used ultrasonication to enhance the
contact between the vermiculite layers and the asphalt solu-
tion. As shown in Fig. 2d, the layered structure was retained
after the asphalt adsorption and carbonization. The morphol-
ogy of the as-obtained graphene after the removal of vermic-
ulite substrates was characterized by SEM and TEM. As shown
in Fig. 2e and f, the graphene sheets exhibit a flat laminar
morphology in width of tens of microns. High resolution
TEM (HRTEM) observation (Fig. 2g) shows that orderly graph-
ene layers can be clearly observed and the thickness of the
graphene sheets is ~4 nm, corresponding to 8-10 graphene
layers. AFM analysis was also performed to measure the
height profile of the graphene materials (Fig. 3). The thickness
of the graphene sheets measured by AFM is slightly less than
4nm, well consistent with the HRTEM observation. It is
noticeable that the surface of the graphene sheets is quite
smooth, as shown in Figs. 2e, f and 3. In the TG curves of
the graphene material (Fig. S2 in Supporting Information), a
single weight loss peak is observed at 438.7 °C and the residue
after 900 °C calcination in O, is 2.1 wt.%. It indicates that the

Graphene

Fig. 2 - (a) Illustration of the synthesis process of graphene sheets from asphalt adsorbed by vermiculite. (b) A photo and (c) a
SEM image of the vermiculite. (d) A SEM image of the vermiculite after asphalt adsorption and carbonization. The inset of (d)
shows a high resolution SEM image of the material. (¢) SEM and (f, g) TEM images of the as-prepared graphene sheets (after

purification).
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Fig. 3 - AFM image and height profiles of the asphalt-derived graphene sheets.
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Fig. 4 - XPS curve (a) and N 1s spectrum (b) of the asphalt-derived graphene.

vermiculite substrates have been almost completely removed
after the purification, leading to a high purity for the as-ob-
tained graphene (97.9 wt.%).

The composition of the graphene material was determined
by an XPS analysis (Fig. 4a). Low Si content (1.0 at.%) indicates
the complete removal of the substrates by acid washing, well
consistent with the TGA result. The C 1s peak centered at
284.8 eV corresponds to graphitic sp? C [19], and O 1s peak
at ca. 533 eV is deduced to originate from the water and oxy-
gen adsorbed on the surface of the sample [20]. Besides, N 1s
peak at ca. 400 eV shows that an atomic percentage of 1.5 at.%
nitrogen was detected. This is because asphalt contains a
nonnegligible amount of N (1.06 wt.%), which was incorpo-
rated into the carbon structure during carbonization. The
high resolution N 1s spectrum (Fig. 4b) shows that nitrogen
predominantly exists in the form of pyrrolic nitrogen atoms,
corresponding to the dominant peak at 400.5eV [19]. The
weak peak at 398.6 €V can be attributed to pyridinic nitrogen
atoms.

The interaction between the asphalt macromolecules and
the vermiculite’s surfaces helps prevent the agglomeration of
asphalt molecules. In a control experiment, coatings of as-

phalt macromolecules on Si substrates were prepared by spin
coating. Asphalt-toluene solutions with different concentra-
tion were used to obtain coating layers with different thick-
ness. Brittle graphite pieces in thickness of ~50 nm were
obtained at an asphalt concentration of 0.1 g/mL (Fig. S2a,
b). When using a diluted asphalt solution (0.025 g/mL), dis-
crete spots or particles were observed on the substrate
(Fig. S2c), implying that the asphalt macromolecules might
have agglomerated during carbonization. The above results
show that although joining asphalt macromolecules into
graphene is theoretically feasible, it is still difficult to realize
such a process by making an asphalt coating on Si substrates.
On the case that asphalt is adsorbed into the interlayer spaces
of vermiculite, the good adsorbability of the vermiculite mul-
tilayers and the confinement effect might have resulted in an
orderly stacking of asphalt molecules and prevented their
agglomeration during carbonization. The existence of Fe spe-
cies (12 wt.%) in vermiculite may also play an important role
in the formation of graphene sheets, which will be discussed
later.

Furthermore, we used melamine as nitrogen source to pro-
duce N-doped graphene material [21]. Interestingly, a N-
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Fig. 5 - (a) Illustration showing the synthesis process of the N-doped G-CNT hybrid using vermiculite with asphalt and
melamine. (b and c¢) SEM images of the G-CNT hybrid formed on vermiculite layers before purification. The inset of (c) shows
the HRTEM image of a Fe nanoparticle on the root of a CNT. (d) TEM images of the G-CNT hybrid after purification. (¢) HRTEM

image of a CNT in the G-CNT hybrid.

doped G-CNT hybrid was actually obtained after adding mal-
amine. The N-doping process is illustrated in Fig. 5a. First,
melamine and asphalt are adsorbed into the interlayer spaces
of vermiculite in turn. During the carbonization process,
pyrolysis of melamine will lead to the formation of NHj [22],
which can reduce the Fe species in vermiculite to form Fe
nanoparticles (NPs). As a result, both graphene sheets and
CNTs are grown on the vermiculite layers, thus forming a
N-doped G-CNT hybrid. As shown in Fig. 5b and c, evenly dis-
tributed NPs and CNTs can be found on the surface of the
material after carbonization (before removal of vermiculite).
Some NPs are on the root of the CNTs, indicating that the
growth of CNTs has been catalyzed by the NPs. As measured
from the HRTEM image of the NPs (the inset of Fig. 5c), the lat-
tice spacing (0.21 nm) matches well with the (111) spacing of
v-Fe, confirming that the catalytic NPs are Fe species. TEM
observation (Fig. 5d) shows that the CNTs have a bambo-like
morphology, which is typical for N-doped CNTs. Broken sites
of graphene layers can be clearly observed in Fig. Se (for
example, the sites indicated by the arrows), implying that
the N-doping might have introduced many defects into the
G-CNT hybrid [23-25]. XPS measurement shows that the
nitrogen content is 10.7 at.% for the N-doped G-CNT hybrid
(Fig. 6a), much larger than that of the undoped graphene

(1.5 at.%). The N 1s peak of the N-doped G-CNT (Fig. 6b) splits
into two components centered at 398.4 and 400.2 eV, repre-
senting pyridinic and pyrrolic nitrogen atoms [26,27], respec-
tively. As compared to the asphalt-derived graphene (Fig. 4b),
the peak at 398.4 eV is much stronger for the N-doped G-CNT,
indicating that the N-doping by melamine has significantly
contributed to the formation of pyridinic nitrogen atoms.

In the TEM images of the N-doped G-CNT (Fig. 5d), both
nanopores (indicated by arrows) and ultra-short CNTs can
be found. The ultra-short CNTs were formed probably due
to the limited amount of asphalt coating, which terminated
further growth of the CNTs. The formation of nanopores
might indicate that the existence of Fe species may be a key
factor to the formation of graphene layers since the Fe con-
tent in vermiculite layers is as high as 12 wt.%. Once the Fe
species are reduced into Fe NPs, there exists some Fe-free
area on the vermiculite layers, which may lead to the forma-
tion of nanopores in graphene sheets. Without melamine, no
Fe NPs are found in the as-prepared materials (inset of
Fig. 2d), showing that the agglomoration of Fe species has
been avoided. As a result, the evenly distributed Fe species
have catalyzed the joining of asphalt molecules into graphene
sheets with well-ordered graphene layers. Raman spectra of
the graphene and the N-doped G-CNT hybrid are presented
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Fig. 6 — XPS curve (a) and N1s spectrum (b) of the N-doped G-CNT.
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Fig. 7 - Raman spectra of the graphene and the N-doped G-
CNT hybrid (normalized by the G bands).

in Fig. 7. The D band to G band ratio (Ip/Ig) of the N-doped G-
CNT hybrid (1.30) is obviously higher than that of the graph-
ene (0.96), indicating that there exist more defects or disor-
ders in the N-doped G-CNT hybrid. The defects might be
attributed to nitrogen intercalation [28] and the existence of
a large amount of pores and edges in the N-doped material.

The two asphalt-derived graphene materials were used as
anode materials for Li-ion batteries. Lithiation/delithiation
curves of the graphene and the N-doped G-CNT are shown
in Fig. 8. In the first lithiation process, a voltage plateau at
about 0.7 V is observed, which can be assigned to the decom-
position of electrolyte and the formation of the solid electro-
lyte interphase (SEI) film [29]. The first lithiation and
delithiation capacities for the graphene electrode are 1071
and 692 mAh/g, higher than the N-doped G-CNT electrode
(853 and 625 mAh/g). But the latter possesses a higher cou-
lombic efficiency in the first cycle (73% for the N-doped G-
CNT and 65% for the graphene). More importantly, after the
first two cycles at 50 mA/g, the reversible capacity of the N-
doped G-CNT overtakes that of the graphene and maintains
the lead at higher current densities (Fig. 9a). At the current
density of 1000 mA/g, the N-doped G-CNT electrode delivers
a stable capacity of 380 mAh/g, which is 50% higher than
the value for the graphene electrode (~250 mAh/g). After the
test of rate performance, the cells were cycled for another
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Fig. 8 - Lithiation/delithiation curves of the graphene (a) and
the N-doped G-CNT (b).

90 cycles at 150 mA/g. As illustrated in Fig. 9b, both the two
materials exhibit good cycling stability. The average capacity
for the N-doped G-CNT electrode is 606 mAh/g at 150 mA/g,
obviously larger than that for the asphalt-derived graphene
(479 mAh/g at 150 mA/g).
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Fig. 9 - Rate capability (a) and cycling performance at
150 mA/g (b) of the graphene and the N-doped G-CNT
hybrid.

Two main reasons are proposed to explain the superior
reversible capacity of the N-doped G-CNT electrode as com-
pared to the graphene electrode. Firstly, N-doping introduces
a lot of defects into graphene layers, which is beneficial to Li
insertion and storage [30]. The pyridinic nitrogen atoms in the
N-doped G-CNT can also contribute to the capacity improve-
ment [26]. Secondly, the three-dimensional composite struc-
ture with nanopores of the N-doped G-CNT owns expanded
inner space, which avoids the aggolomeration of graphene
layers, favors lithium diffusion and transfer, and heightens
the lithium storage capacity. Nyquist complex plane imped-
ance plots of the graphene and the N-doped G-CNT electrodes
are presented in Fig. 10. The equilibrium potentials of the
impedance measurements were 2-3V, e.g., 2.77 and 2.17V
for the N-doped G-CNT electrode before and after the rate
tests. The equivalent circuit shown in Fig. 10a was used to
fit the impedance data for the electrodes before and after
the test of rate capability. In the equivalent circuit, R repre-
sents the resistance of the electrolyte, Rf and CPE; represent
the resistance and the capacitance (expressed by a constant
phase element) of SEI films, R, and CPE, correspond to the
charge-transfer resistance and the double-layer capacitance
(expressed by a constant phase element), and Z, is the War-
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Fig. 10 - Equivalent circuit (a) and Nyquist plots for the
asphalt-derived graphene (b) and the N-doped G-CNT (c).

Table 1 - The calculated values of R, Rf and R, through
fitting of the experimental impedance spectra.

(@) Graphene N-doped G-CNT
Before After Before After
R, 0.6 8.2 3.7 5.2
R¢ 41.4 29.1 62.4 42.3
Ret 492.5 11.7 382.7 9.7

burg impedance related to the diffusion of lithium ions
through the bulk of the electrode. The calculated values of
Re, R and R through fitting of the experimental impedance
spectra are summarized in Table 1. The SEI film resistance
(Rg) and the charge-transfer resistance (R.t) are obviously re-
duced after the rate tests as compared to those before cycling,
indicating that much better contact between electrolyte and
electrode materials has been realized after the cycling. After
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the rate test, the resistance of the electrolyte (R¢) and the
charge-transfer resistance (R.) for the N-doped G-CNT elec-
trode (5.2 and 9.7 Q) are lower than those for the graphene
electrode (8.2 and 11.7 Q). The porous structure of the N-
doped G-CNT can increase the electrolyte contact area and
the structure defects induced by N-doping might reduce the
energy barrier of Li intercalation into graphene and CNTs
[28], which is propitious to reduce the resistance for Li ion dif-
fusion. The SEI film resistance (R¢) for the N-doped G-CNT
(42.3 Q) is higher than that for the graphene (29.1 Q), indicat-
ing that thicker SEI films have been formed on the N-doped
G-CNT probably due to the larger contact area between elec-
trolyte and the porous G-CNT hybrid.

Compared to rGO, the graphene derived from asphalt
exhibits advanced electrode performance. As shown in
Fig. 9a, the average capacity for the asphalt-derived graphene
is 699.4 mAh/g at 50 mA/g (corresponding to the current den-
sity of 0.2mA/cm?), higher than the capacity for rGO mea-
sured in our lab (468.4 mAh/g on average at 50 mA/g) and
reported in most literatures (<600 mAh/g at 0.2 mA/cm? [29],
540 mAh/g at 50 mA/g [31] and 550 mAh/g at a slightly lower
current density of 42 mA/g [19]). Although the capacity for
the asphalt-derived graphene is lower that the rGO reported
by Lian et al. (up to 1264 mAh/g at 100 mA/g) [32], the cycling
stability of the asphalt-derived graphene is much better than
the rGO (67% capacity remained after 40 cycles). Therefore, it
can be concluded that the electrode performance of the as-
phalt-derived graphene is at least comparable to the widely-
applied rGO materials. The high capacity of the asphalt-de-
rived graphene can be ascribed to the absence of oxygen-con-
taining functional groups and the N-doping as shown by the
XPS measurement (Fig. 4). It has been reported that the re-
moval of oxygen-containing functional groups can improve
the conductivity of graphene [33]. In order to test the conduc-
tivity of the asphalt-derived graphene, graphene papers were
fabricated by flow-directed filtration of a graphene-containing
suspension as reported in our recent publication [34]. The
conductivity of the as-prepared graphene paper, measured
by a four-wire setup, is 3327 + 22 S/m, much higher than that
of the rGO paper reported by Compton et al. (1500 + 200 S/m)
[35]. Therefore, the good conductivity of the asphalt-derived
graphene might also be an important factor that leads to its
advanced electrode performance.

4, Conclusions

Regularly arranging and joining asphalt molecules into graph-
ene was realized by adsorbing asphalt molecules onto the sur-
face of expanded vermiculite layers. The formation of
graphene layers is ascribed to not only the regular arrange-
ment of asphaltene molecules due to the adsorption by ver-
miculite layers but also the joining of the asphaltene
molecules catalyzed by the Fe-containing vermiculite sur-
faces. By adding melamine, the N-doped G-CNT hybrid with
a porous structure was obtained with a N content as high as
10.7 at.%. As anode materials in Li-ion batteries, the as-
phalt-derived graphene materials exhibited larger reversible
capacity than rGO. Compared with the as-prepared graphene,
the N-doped G-CNT showed advanced electrode performance
due to N-doping and its porous structure. Our work demon-

strated a novel approach for graphene synthesis by regularly
arranging and joining asphaltene molecules, and realized
the production of high performance anode materials through
high-efficient utilization of asphalt.
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