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ABSTRACT: Despite its complex structure, coal has shown to be a promising
precursor for graphene synthesis by chemical vapor deposition (CVD). However,
the presence of heteroatoms and aliphatic chains in coal can lead to defects in the
graphene lattice, preventing the formation of pristine graphene layers. Therefore,
the goal of this study was to formulate a multistep coal fractionation scheme to
extract and characterize the most aromatic fractions and explore their potential as
graphene precursors. The scheme consisted of direct coal liquefaction under
different conditions, Soxhlet extraction with heptane then toluene, and preparative
liquid chromatography on silica gel using heptol solutions with different heptane/
toluene ratios. The fractions obtained by this process were analyzed by proton
nuclear magnetic resonance, thermogravimetric and elemental analyses, and
automated SAR-AD (saturates, aromatics, resins-asphaltene determinator) separa-
tions. This characterization allowed the identification of two aromatic fractions with
and without heteroatoms, which were subsequently used for graphene synthesis by CVD on nickel and copper foils. Raman
spectrometry revealed that both fractions primarily formed defect-free multilayered graphene with approximately 11 layers on nickel
due to the high solubility of carbon and the defect-healing effect of nickel. On the other hand, these fractions generated amorphous
carbon on copper due to the high solubility of hydrogen in copper, which competed with carbon. Molecules in the more aromatic
heteroatom-free fraction still contained alkyl pendant substituents and did not share the same planarity and symmetry to form
defect-free graphene on copper. Thus, the quality of graphene was governed by the substrate on nickel and by the precursor quality
on copper. When deposited directly on lacey carbon-coated copper grids of a transmission electron microscope, the heteroatom-free
fraction gave rise to much larger graphene domains. The presence of heteroatoms promoted the formation of small self-assembled
agglomerates of amorphous carbon.

1. INTRODUCTION

Graphene is a two-dimensional monolayer of sp2 hybridized
carbon atoms.1 Since its discovery in 2007, graphene has been
in demand among researchers for its exceptional chemical and
physical properties.1−5 Graphene synthesis methods can be
broadly divided into two categories, viz, the top-down
approach, and bottom-up approach. Top-down methods such
as mechanical exfoliation,6 arc discharge,7 and chemical
reduction involve breaking down or isolating large polycyclic
aromatic hydrocarbon (PAH) molecules into graphene.6−8

These methods provide high yields but many structural defects.
On the other hand, bottom-up methods such as chemical
vapor deposition (CVD) work by stitching individual carbon
atoms/molecules to form graphene.9,10 The graphene formed
by these methods is highly pristine but has low yields.
CVD is a promising and facile method for synthesis of large

and pristine graphene sheets for use in electronics.10−14 Yet, it
requires expensive carbon precursors such as acetylene,
ethylene, methane, and so forth.14−17 Recent studies have
shown that abundant and inexpensive precursors such as coal

could be used instead.10,18,19 Coal is a complex mixture of
hydrocarbons, in which individual molecules are arranged in
archipelago patterns with islands of PAHs connected by
aliphatic chains. The latter form three-dimensional networks
due to aromatic stacking, hydrogen bonding, and acid−base
interactions.20 The PAHs are essential components and
building blocks of graphene-based nanomaterials; however,
they are difficult to extract from coal. As a result, graphene
synthesized directly from coal contains high amounts of defects
due to the alkyl chains and heteroatoms present in the
molecules.19,21 Research has shown that symmetry and
planarity of PAHs can affect the quality of graphene in
CVD.22 Precursor molecules that are highly symmetric and
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planar can form more pristine graphene as compared to
asymmetric and nonpolar molecules. In addition, the presence
of heteroatoms contributes to defects in the graphene lattice
structure.23 Thus, in theory, if we can fractionate coal into
highly aromatic and heteroatom-free fractions, we can
synthesize pristine graphene from it.
The fractionation of coal can be achieved by different

techniques such as direct liquefaction, solvent solubility,24−26

silica-gel chromatography,27 size exclusion chromatography,28

and thin-layer chromatography.29 Each of these processes can
separate fractions based on different characteristics such as
solubility, polarity, and so forth. Hence, these techniques can
be combined to formulate a fractionation scheme to isolate a
particular type of molecules.
In this work, we have formulated a multistep fractionation

process to isolate highly aromatic fractions from coal. The
process consisted of direct coal liquefaction (DCL) at different
temperatures, solvent extraction, and silica-gel liquid chroma-
tography. The fractions obtained in each step were
characterized by thermogravimetric, spectroscopic, and
chromatographic techniques. Among the fractions separated,
a highly aromatic fraction without heteroatoms and another
less aromatic fraction with heteroatoms were used to
synthesize graphene by CVD on nickel (Ni) and copper
(Cu). The synthesized graphene was analyzed by Raman
spectrometry to assess its quality on both substrates. CVD was
also performed directly on transmission electron microscopy
(TEM) grids to examine structural differences between the two
graphene materials and highlight the role of heteroatoms.

2. EXPERIMENTAL SECTION
2.1. Materials. Sub-bituminous powder river basin (PRB)

coal from Wyoming was used as a precursor. The coal was
sieved to 300 mesh size and then dried under a nitrogen
atmosphere at 110 °C for 24 h. The properties of PRB coal are
shown in Table 1. For liquefaction and fractionation, silica gel

and HPLC-grade solvents (tetralin, heptane, and toluene) were
procured from Sigma-Aldrich. Annealed copper (99.8% metal
basis) and nickel foils (99.5% metal basis) were purchased
from Alfa Aesar. The certified standard 10% hydrogen in argon
was obtained from Rocky Mountain Air. The HPLC-grade
solvents (cyclohexane, toluene, dichloromethane, and meth-
anol) for SAR-AD analysis were obtained from Fisher
Scientific. Deuterated chloroform was purchased from Cam-
bridge Isotope laboratories.

2.2. Coal Liquefaction and Fractionation. DCL is a
reductive pyrolysis process of breaking down large coal
molecules into smaller ones by using a hydrogen-donating
solvent.30 Here, DCL was performed with tetralin under 1000
psi nitrogen atmosphere. In all the experiments, 60 g of coal
was dried for 24 h under a nitrogen atmosphere and added to
240 mL of tetralin. The reaction was continued for 3 h at
different temperature conditions: 350, 400, and 450 °C. The
fraction of coal tar that dissolved in tetralin was termed as
tetralin solubles (TTS), and the remaining was the tetralin
insoluble fraction (TTIS). TTS was subjected to vacuum
distillation on a high vacuum line and an oil bath set to 300 °C
to remove the tetralin and then subjected to Soxhlet extraction
with heptane as a solvent. The extraction worked by slow
diffusion of analytes from the sample matrix to the extraction
solvent31 and yielded a heptane soluble (HS) and a heptane
insoluble (HIS) fraction. A toluene Soxhlet extraction was
performed on the HIS, which further gave a toluene soluble
(TS) and toluene insoluble fraction (TIS). The solvents were
removed from HS and TS by a rotavapor, and the samples
were dried in a vacuum oven. Next, 350 mg of the sample was
dissolved in dichloromethane and added to the silica gel, and
the solvent was removed by rotary evaporation. The packed
activated silica column was loaded with heptane, and the top of
the column was layered with sand and then the preadsorbed
silica sample. The heptane−toluene mixtures (heptol) were
introduced in the column by increasing polarity, starting from
100% heptane. This was followed by heptol (80:20), heptol
(50:50), and 100% toluene. The fractions eluted from each
solvent step were collected, dried using a rotavapor, and dried
in a vacuum oven. The conversion from coal to the
subfractions are shown in Figure S1.

2.3. Graphene Synthesis. The graphene synthesis setup is
shown in Figure 1. The carbon source (20 mg) was placed in a
boat in furnace 1, and the substrates (nickel and copper foils
and TEM copper grid) were placed in furnace 2. The
substrates contributed to the decomposition of carbon species
(as catalysts) and the nucleation of carbon atoms. The carrier
gas consisted of 10% hydrogen in argon. Furnace 2 was first
heated to 1000 °C under ultrahigh vacuum (10−6 hPa).
Furnace 1 was then heated to 400 °C, and the flow of carrier

Table 1. Properties of PRB Coal

analysis value ASTM method

moisture (wt %) 1.36 D7582
ash (wt %) 7.05 D7582
volatile Matter (wt %) 41.06 D7582
heating value (BTU/Lb) 9654 D5865
carbon (wt %) 64.88 D5373
hydrogen (wt %) 4.54 D5373
nitrogen (wt %) 1.96 D5373
sulfur (wt %) 0.61 D4239
oxygen (wt %) 19.60 calculated

Figure 1. Graphene synthesis setup by CVD.
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gas was started. The vacuum decreased to about 10−3 hPa
during gas flow. The gas was stopped after 30 min of flow, and
the vacuum was again increased to 10−6 hPa for 30 min. The
furnaces were then cooled quickly (within 30−40 min), and
the substrates were collected and analyzed by Raman
spectrometry and TEM.
2.4. Characterization of Coal Fractions and Gra-

phene. A Bruker AVANCE III 400 MHz nuclear magnetic
resonance (NMR) spectrometer was used to obtain the
aromatic and aliphatic content of the fractions. The samples
were prepared by dissolving 20 mg of the sample in 0.5 cm3

deuterated chloroform. A coupled proton pulse program was
used, and topspin 3.0 software was used to analyze the data.
The spectra were then divided into different fractions by
integrating sections of the spectra.32 The Saturates, Aromatics,
Resins-Asphaltene Determinator (SAR-AD) developed by the
Western Research Institute (WRI) was used to quantify the
relative contents of these fractions.33 The SAR-AD method is
an automated HPLC separation which couples chromatog-
raphy and solubility separations in series. The hydrocarbon
material is initially separated into maltenes (heptane-soluble)
and asphaltenes (heptane-insoluble). The maltene part is
further separated by chromatography on three different
sorbents with different solvents, while the asphaltenes are
separated using solubility with three different solvents of
increasing solvent strength: cyclohexane, toluene, and
dichloromethane/methanol. The different fractions produced
by the separation are saturates (Sat), 1-ring aromatics (Aro 1),
2−3-ring aromatics, and pericondensed pyrene (Aro 2), 4+-
ring aromatics (Aro 3), aromatics containing more polar
heteroatom functional groups such as ketones, esters, and
phenolics (resins) and three fractions of asphaltenes with
increasing polarity and aromaticity: CyC6, toluene, and
CH2Cl2:MeOH. The different fractions are quantified by an
evaporative light scattering detector, which gives values which
are very close to gravimetric values. Carbon, hydrogen,
nitrogen, oxygen, and sulfur elemental analysis was performed
by ALS Global. The elements C, H, and N were quantified by
D 5373. Oxygen and sulfur were quantified by D 5373 mod
and D 4239, respectively. Thermogravimetric analysis (TGA)
was performed by a TA Instruments Q5000 TGA using
nitrogen and a heating rate of 20 °C/min to evaluate the
boiling point of each fraction. Raman spectra of the
synthesized graphene were obtained by using a Raman
spectrometer developed at the Rice research group with a
532 nm laser. Raman maps were collected on a DXR2 Raman
microscope from ThermoFisher Scientific with a 532 nm laser.
The Raman spectra were collected over an area of 600 × 400
μm with 50 μm distance between the points. The excitation
power of the laser was 10 mW with a spot size of 3.6 ± 0.3 μm
with an exposure time of 5 s. The spectra were resolved on a
750 nm blazed, 1200 grooves/mm grating using a 320 mm
isoplane spectrometer and a LN2-cooled Si CCD. An FEI
Tecnai transmission electron microscope was used to measure
the size and structure of the graphene film. All images were
taken under a high tension of 200 kV. Mh mode was utilized in
the imaging process. Lacey carbon grids from Ted Pella were
used to support the graphene film and provide better contrast
during the imaging procedure.

3. RESULTS AND DISCUSSION
3.1. Coal Liquefaction and Characterization. Table 2

presents the yields of tetralin-soluble fractions (L1, L2, L3) after

coal liquefaction at three different temperatures. As expected,
DCL was highly dependent on the temperature of the
process.31 The increase in temperature from 350−400 °C led
to an increase in the conversion of the tetralin-soluble fraction.
The decomposition of molecules is enhanced by performing
DCL at a temperature above pyrolysis (360 °C). However,
when going significantly above pyrolysis (>400 °C), coke
formation competes with the extraction and degradation of the
coal molecules.
Figure 2 shows the SAR-AD content of the distilled residues

(TTS) from the liquefactions. It is evident that liquefaction at
450 °C generated the highest content of total aromatics among
the three liquefactions. This is expected because the experi-
ment was conducted above pyrolysis temperatures, leading to
cleavage of some functional groups, aliphatic side chains
(paraffinic, branched, or naphthenic) while increasing
aromaticity. The aromatic fractions contained high amounts
of small aromatic molecules with low heteroatoms (primarily
ethers, if present). This TTS also contains the least amount of
resins and asphaltenes, which is also consistent with pyrolysis
as these molecules are either fragmented into smaller aromatics
and/or converted to coke. In general, as the temperature
increases, the aromatics increase, and the saturates, resins, and
asphaltenes decrease. From the standpoint of producing PAHs
for graphene synthesis, distilled residues from 450 °C
liquefaction (i.e., TTS L3) would be the best sample for
further fractionation due to relatively high aromatic and low
resin and asphaltene contents.
The elemental composition of the distilled residues from the

three liquefactions is provided in Table 3. The amount of
carbon increased, while the amount of hydrogen decreased
with an increase in temperature. This implied that the higher
liquefaction temperature led to a higher aromatic tetralin
soluble fraction. Also, the amount of total heteroatom content
decreased with an increase in the liquefaction temperature.
This is consistent with expectations for pyrolysis and further
confirms the SAR-AD data.
Sequential Soxhlet extractions were then performed on the

distilled liquefaction residues to reduce the heteroatom
content and increase aromaticity. Heptane was used to isolate
mostly nonpolar aromatic compounds since small PAH
molecules are highly soluble in hot heptane, while toluene
was used to isolate larger PAH molecules and polar aromatics
containing more heteroatoms. It should be noted that Soxhlet
extractions of DCL products leads to some overlap in the
molecules between different solvents. This is due to
cosolubility effects that occur when the coal fractions become
dissolved in the extracting solvent, which changes the solubility
parameter of the extraction solvent. The heat increases the
kinetic energy of the solute molecules, making them easier to
be dissolved. Thus, heptane dissolved some slightly polar
compounds as well. Nonetheless, most of the aromatic
components were still left behind in the HIS fraction. This
fraction was further subjected to Soxhlet extraction with
toluene to obtain the most aromatic compounds. Toluene

Table 2. Coal Liquefaction Yields

liquefaction
fraction

temperature
(°C)

maximum
pressure
(psi)

starting
dried

coal (g)

tetralin
soluble
(g)

conversion
(%)

L1 350 2347 60 8.54 14.23
L2 400 3070 60 18.76 31.26
L3 450 4011 60 16.75 27.91
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dissolved almost all of the HIS fraction at high temperatures,
leaving a minute fraction being toluene-insoluble.
The peak integration results for 1H NMR of HS and TS

fractions from all three distilled residues are displayed in Table
4. As expected by the SAR-AD and elemental data, as the DCL
temperature increases, there is a significant increase in the
aromatic content in the TTS. The HS fraction from 350 and
400 °C distilled residues contained mostly aliphatic protons.
This is because saturates are also included in this fraction, as
well as aromatics, which contain a high degree of aliphatic
substitutions. In contrast, the aromaticity is much higher in the
TS fractions because many of the aromatics containing
aliphatic side groups, and low amounts of heteroatoms, were
extracted in heptane. The aromaticity of the HS and TS
fractions from the 450 °C distilled residue is mostly due to the

Figure 2. SAR-AD analysis of the tetralin-soluble distilled residues after coal liquefaction at 350, 400, and 450 °C.

Table 3. Elemental Composition for the Liquefaction-
Distilled Residues

temperature
(°C)

carbon
(%)

hydrogen
(%)

nitrogen
(%)

oxygen
(%)

sulfur
(%)

350 82.49 7.84 0.51 7.59 <0.3
400 84.70 7.03 0.93 6.63 <0.3
450 87.57 6.15 0.99 4.29 <0.3

Table 4. 1H NMR for Soxhlet Extractions of the
Liquefaction Distilled Residues

functional
group

350C
HS

350C
TS

400C
HS

400C
TS

450C
HS

450C
TS

aromatic H 14.73 23.56 16.11 27.27 41.12 46.08
olefinic CH 1.18 8.23 2.79 3.49 1.25 2.86
aliphatic H 84.10 68.21 81.09 69.25 57.63 51.07

Figure 3. SAR-AD analysis of the HS (a) and TS (b) fractions of the distilled residues after coal liquefaction at 350, 400, and 450 °C.
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aromatic and not olefinic protons as compared to the 350 and
400 °C HS and TS fractions. This is also another evidence for
pyrolysis enhancing the aromaticity of the TTS.
Figure 3 shows the SAR-AD data for HS and TS fractions

from all the liquefactions. The established trends showing an
increase in aromatics and decrease in resins and asphaltenes
with an increase in temperature are consistent with the Soxhlet
extractions. The HS fractions from all the liquefactions had
higher aromatic fractions as compared to the TS fractions. As
compared to the liquefaction TTS, the HSs are most
concentrated in aromatics, while the TSs had comparatively
slightly lower aromatics and more resins and asphaltenes.
Thus, the HS fractions were mostly composed of aromatics, as
expected.
The differential TGA plots for HS and TS fractions from the

three liquefactions are shown in Figure 4. The proportion of
components at each stage of the analysis is also provided in
Table S1. All the TS fractions showed a wide range of boiling

point distribution from around 100−700 °C. It should be
noted that the material which is volatilized below 400 °C
under these conditions consists of free molecules, while the
material which volatilizes above 400 °C is a combination of
free molecules and molecule fragments generated by pyrolysis.
This can be clearly seen in the difference between the 350 °C
fraction and the 400 °C fraction and especially, the 450 °C
fractions. As pyrolysis increases from 350 < 400 < 450 °C,
there is a shift in the volatile material to lower temperatures.
This is because pyrolysis has broken larger molecules into
smaller fragments. The more Gaussian distribution of the 400
and 450 °C fractions also indicates that many of these the
>400 °C volatiles are free molecules and not generated by
pyrolysis. In addition, the HS fractions consist of mainly
volatiles (up to 430 °C) and pyrolysis (430−800 °C)
components. In particular, the 450 HS is mainly composed
of lighter volatile molecules. In comparison, the TS fractions
have lot more of the combustibles (combusted in air at 800
°C).
Since the HS and TS fractions from the liquefaction at 450

°C clearly had higher aromatic content, a lower-boiling point
distribution with little pyrolysis carbon, and less heteroatoms,
they were further characterized. The elemental composition of
these fractions is shown in Table 5. Both fractions had very
high C/H ratios. The HS had a slightly lower aromaticity, as
seen by 1H NMR and hence higher hydrogen content. The
heteroatom content was reduced substantially as compared to
the liquefaction distilled residue. It is likely that most
heteroatoms were left behind with the heavier molecules in
the TIS.
The HS and TS fractions from the liquefaction at 450 °C

had the highest aromatic content. However, they still
contained some heteroatoms in polar compounds such as
resins and asphaltenes. The HS fraction contains 1.47 wt % of
N and O, while the HIS fraction contains 5.95 wt % of N and
O. For this reason, these fractions were subsequently purified
by silica gel chromatography to further isolate the highly
aromatic fractions without any heteroatoms. The HS and TS
samples were loaded onto preparative columns and eluted with
heptol solutions with different heptane/toluene ratios to
separate the compounds based on their aromaticity and
polarity. The separated fractions were analyzed using the
previous characterization techniques. Table 6 shows the 1H
NMR data of the Si-gel chromatographic fractions. The
heptane-eluted fractions were mostly aliphatic with around
10% aromatic hydrogen. This fraction is mainly composed of
saturated hydrocarbons. The heptol (80:20) fraction has the
highest aromatic hydrogens at around 50%. The aromaticity
decreases with a further increase in toluene concentration. This
is assumed to be due to an increase in heteroatoms which is
evident from the increasing intensity of yellow to orange color
with increasing amounts of toluene. It is important to note that

Figure 4. TGA analysis of the HS (a) and TS (b) fractions obtained
from the Soxhlet extractions.

Table 5. Elemental Composition of the HS and TS
Fractions from the Liquefaction at 450 °C

fraction
carbon
(%)

hydrogen
(%)

nitrogen
(%)

oxygen
(%)

sulfur
(%)

HS 88.83 7.24 0.61 0.86 <0.15
TS 88.37 5.99 1.45 4.50 <0.17

Table 6. 1H NMR Data of the Chromatographic Subfractions of HS and TS Fractions from the Liquefaction at 450 °C Eluted
by Heptol Solutions with Different Heptane/Toluene Ratios

HS TS

functional group heptane heptol (80:20) heptol (50:50) toluene heptane heptol (80:20) heptol (50:50) toluene

aromatic H 9.99 49.30 33.64 30.89 6.89 46.13 42.80 34.43
olefinic CH 0.00 0.00 1.47 4.42 3.36 0.00 1.15 3.58
aliphatic H 90.01 50.70 64.89 64.68 89.76 53.87 56.05 62.00
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1H NMR does not account for quaternary aromatic carbons.
Thus, real aromaticity must be much higher.
The SAR-AD analysis of these eluents is shown in Figure 5.

The heptane-eluted fraction contained mostly saturates due to
low polarity of heptane. As the polarity, solubility parameter,
and chromatographic strength increased with increasing
toluene, more heteroatom-containing molecules are eluted.
This is shown by the increase in the resins and asphaltenes
with increasing toluene. The fraction eluted by heptol (80:20)
consisted of around 99% of nonpolar aromatics. Increasing the
toluene concentration further led to the elution of more polar
aromatics such as resins and asphaltenes.
Figure 6 illustrates the differential TGA thermograms of the

subfractions extracted by Si-gel chromatography using the HS
and TS fractions from the liquefaction at 450 °C. The
proportion of components at each stage of the analysis is also
given in Table S2. The subfractions eluted from the HS
fraction had a very low boiling point (<400 °C), which is

Figure 5. SAR-AD analysis of the chromatographic subfractions of HS (a) and TS (b) fractions from the liquefaction at 450 °C, eluted by heptol
solutions with different heptane/toluene ratios.

Figure 6. TGA analysis of the chromatographic subfractions of HS
(a) and TS (b) fractions from the liquefaction at 450 °C, eluted by
heptol solutions with different heptane/toluene ratios.

Table 7. Elemental Composition of the Chromatographic
Subfractions of HS and TS Fractions from the Liquefaction
at 450 °C, Eluted by 80:20 Heptol

fraction
carbon
(%)

hydrogen
(%)

nitrogen
(%)

oxygen
(%)

sulfur
(%)

HS-heptol 80:20
eluted

92.50 6.87 0.01 0.84 <0.09

TS-heptol 80:20
eluted

92.53 6.56 0.02 1.06
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consistent with the original 450 °C HS. In particular, the
heptane-eluted subfraction had the lowest boiling point with a
narrow distribution. The other fractions had a similar boiling
point distribution with the 50:50 and toluene fractions
containing heavier materials tailing out to beyond 400 °C.
On the other hand, the fractions eluted from the TS fraction
had larger boiling points and significantly more material which
decomposes due to pyrolysis above 400 °C. The heptane-
eluted fraction had the lowest boiling point with a narrow
distribution. As the polarity of the solvent increased, the
boiling point and pyrolysis carbon increased as well. This is
because, as the polarity of the solvent increases, it elutes
molecules with higher molecular weight, more heteroatoms,
and likely a more complex structure with linked aromatics. The
heptane and heptol (80:20) eluted fractions are mainly
composed of the lighter volatile molecules with negligible
pyrolysis and combustible components. As we increase the
polarity, heavier fractions are eluted, as indicated by the
increase in pyrolysis and combustible components.
The heptol (80:20)-eluted fractions for both HS and TS

showed the highest amount of aromatics and also lacked
saturated and heavy molecules such as resins and asphaltenes.
These fractions were purer than the other fractions and would
be low in heteroatom content. In addition, the mentioned
fractions had boiling points lower than 400 °C and would
volatilize in the graphene synthesis. Thus, these fractions were
further characterized using elemental analysis. The elemental
composition of the heptol (80:20)-eluted subfractions from
the HS and TS fractions obtained from liquefaction at 450 °C
is shown in Table 7. The carbon content further increased as

compared to that from the Soxhlet extractions. At the same
time, the heteroatom content decreased to around 1%. The
sulfur content of TS heptol (80:20)-eluted fraction was lower
than the detection limit of the instrument. Thus, the heptol
(80:20)-eluted fractions were highly aromatic and contained
the lowest percentage of heteroatoms.

3.2. Graphene Synthesis. Based on the comprehensive
characterization performed in the previous section, two
fractions were selected as precursors for graphene synthesis:
(a) the 450 °C TS-heptol (80:20)-eluted, as a highly aromatic
and heteroatom-free fraction (F1), and (b) the 400 °C
liquefaction distilled residue, as an aromatic fraction with high
heteroatom content (F2). The F1 fraction has a H/C ratio of
around 0.85, while that of the F2 fraction is around 1. In
comparison to the known aromatic molecules, the H/C ratio
of naphthalene is 0.81 and that of methylnaphthalene is 0.92.
Thus the F1 fraction is more aromatic than methylnaphthalene.
The goal was to test a hypothesis that F1 (∼1% heteroatom
content) would generate higher-quality graphene than F2
(∼8% heteroatom content) through self-assembly by surface-
mediated nucleation of the polyaromatic hydrocarbon cores in
this fraction. The Raman spectra of graphene synthesized from
both fractions on Ni and Cu substrates are shown in Figure 7.
The main peaks in the Raman spectra of graphene are G, D,
and 2D. G peak (1580 cm−1) is caused due to primary in-plane
vibration due to the sp2 bonded carbon atoms and represents
the graphitic characteristic of the material. The D peak (1350
cm−1) is caused due to out-of-plane vibrations attributed to the
structural defects,32 representing the disorders in the sp2

hybridized graphene lattice. The 2D peak (2700 cm−1) is a

Figure 7. Raman spectra of (a) F2 on Ni, (b) F1 on Ni, (c) F2 on Cu, and (d) F1 on Cu.
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second-order overtone of the D peak. The 2D mode is the
strongest in monolayer graphene due to double resonance
mechanism, and it falls in intensity with increasing number of
layers.33,34

Interestingly, the films grown from F1 and F2 fractions had
similar spectra on the Ni and Cu substrates. Both fractions
formed defect-free multilayered graphene on Ni. The number
of layers of graphene was calculated by the following
equation35

= +I
n

0.14
10G/2D

where IG/2D is the ratio of the intensity of the “G” peak to that
of the “2D” peak, and n is the number of graphene layers. The
multilayered graphene formed by both precursors on Ni had

around 11 layers. The formation of multilayered graphene
instead of mono- or bilayered graphene can be attributed to
the high concentration of hydrogen compared to the
carbonaceous precursor.36 In contrast, amorphous carbon
was formed on copper with both fractions. Raman maps were
obtained for graphene formed on Ni foils. Figure 8 shows the
Raman map at a ratio of 2D/G intensities for the graphene
formed by F1 and F2 fractions. The F1 fraction formed a
uniform layer of multilayered graphene throughout the Ni foil,
whereas the graphene formed by the F2 fraction was mostly
multilayered graphene (blue) with a few areas of monolayered
graphene (red) and few-layered graphene (green).
The growth mechanisms were different on Cu and Ni

substrates. The carbon atoms were assimilated into the nickel
substrate and then migrated to the surface by diffusion.37 On
the contrary, the carbon growth on copper was a surface-
controlled process.38 The hydrogen that was injected during
the cleaning process of the substrates could readily diffuse into
the copper, while it recombined with the nickel surface. The
dissociative chemisorption of hydrogen competed with the
dehydrogenation of hydrocarbons on copper,39 thus slowing
down the reaction kinetics of graphene formation by blocking
sites on the Cu surface. This led to formation of amorphous
carbon instead of graphene, as shown by the wide blunt peaks
in Figure 7c,d and lack of a 2D peak. In addition, carbon has a
higher solubility in nickel,40 while hydrogen has a higher
solubility in copper.39 Hence, the Ni substrate was found to
help the healing of defects in graphene by continuously

Figure 8. Raman maps for 2D/G intensities ratio for the F1 fraction (a,c) and F2 fraction (b,d).

Figure 9. TEM micrographs of carbonaceous matter grown directly
on copper TEM grids by CVD using F2 (a) and F1 (b) fractions.
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breaking and reforming nickel-carbon bonds around defects.41

Moreover, the temperature in the furnace 2 is sufficient to
pyrolyze many of the functional groups of the F2 fraction.
Therefore, multilayered graphene formed on Ni by both
precursors was defect-free due to the high solubility of carbon,
pyrolysis of the functional groups, and the healing effect of Ni.
Since nickel can dissolve more carbon atoms and the carbon
precipitation is a nonequilibrium process, it is very difficult to
form large-area monolayered graphene.37 In case of copper, the
interaction between the peripheral atoms of the fractions and
copper is noncovalent, which cannot break C−C bonds.22

Thus, the clusters of molecules do not breakdown into smaller
fragments on the copper substrate, and rather, the formation of
the carbonaceous material is by self-assembly. Thus, molecular
configuration and heteroatom content has a significant impact
on the quality of graphene. Although the F1 fraction was highly
aromatic and heteroatom-free, the constituent molecules vary
substantially in planarity, in pendant substituents, and
symmetry. This caused formation of amorphous carbon rather
than graphene on the Cu substrate. Hence, the quality of
graphene was governed by the substrate on nickel and by the
precursor quality on copper.
When deposited directly on lacey carbon-coated copper

TEM grids, the two fractions generated very different graphene
domains. Figure 9 shows the TEM micrographs of carbona-
ceous matter synthesized on these grids by CVD, where the
insets were taken under higher magnification. F1 led to the
formation of large multilayered graphene sheets on the scale of
several micrometers. The high aromaticity of F1 and lack of
heteroatoms allowed the aromatic sheets of the molecules to
interconnect without the hindrance from heteroatoms or alkyl
chains. While large sheets were generated, they were not
completely pristine and consisted of some disorders and
defects in the sheets, as seen in the TEM micrograph. In
contrast, F2 led to formation of smaller aggregates of
amorphous carbon. While there were some regions of much
thinner sheet-like films seen in the inset, the overall product
was very heterogeneous. During the synthesis, the F1 fraction
was consumed almost completely (0.1 mg remaining), while
1.6 mg of the heavier components (higher boiling point than
400 °C) of F2 remained in the boat after graphene synthesis.

4. CONCLUSIONS
PRB coal from Wyoming was fragmented via a multistep
process to obtain a liquid fraction that is highly aromatic, has a
low boiling point, and contains no heteroatoms. The process
consisted of DCL in tetralin under a nitrogen atmosphere at
various temperatures, followed by Soxhlet extractions by
heptane and toluene and liquid chromatography on silica gel
using heptol solutions with different heptane/toluene ratios.
The fractions thus obtained were characterized by 1H NMR,
SAR-AD, TGA, and CHONS elemental analysis. One highly
aromatic fraction, F1, with no heteroatoms (450 °C TS-heptol
80:20 eluted fraction) and one less aromatic fraction, F2, with
higher heteroatom content (400 °C liquefaction distilled
residue) were then used for graphene synthesis via CVD on Cu
and Ni foils. Interestingly, both fractions yielded 11-layered
defect-free graphene on Ni and graphite with high defects on
Cu. Nickel led to the formation of defect-free multilayered
graphene due to its high carbon solubility, pyrolysis of the
functional groups, and defect healing properties. According to
the Raman maps, the F1 fraction formed a uniform multi-
layered graphene and the F2 fraction formed mostly multi-

layered graphene with a few areas of monolayered and few-
layered graphene. On the other hand, amorphous carbon was
formed on copper due to the high solubility of hydrogen in
copper, which competed with carbon. Paradoxically, the highly
aromatic and heteroatom-free fraction formed amorphous
carbon on copper since the molecules in this fraction
contained random pendant substituents and did not share
the same planarity and symmetry, creating defects. The F1
fraction generated micrometer-sized large multilayered gra-
phene sheets by direct CVD on TEM copper grids, whereas in
case of the F2 fraction, amorphous carbon was formed due to
the presence of heteroatoms and significantly more alkyl
substituents. Consequently, F2 formed smaller sheets that self-
assembled into thick amorphous agglomerates.
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