
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


2. EXPERIMENTAL METHODOLOGY
2.1. Materials. A synthetically associated petroleum gas

mixture (CH4:C2H6:C3H8 volume ratio = 1:0.167:0.083) was
used as the surrogate for real NG. The MW plasma pyrolysis
setup of H Quest Vanguard Inc., Pittsburgh, PA, USA that was
used to pyrolyze NG was described in our previous
publications.4,5,7 A microwave power of 5.75 kW at 2.45
GHz was fed to the steal reactor consisting of a water-cooled
isolator, three-stub tuner, dual directional coupler, and
waveguide coupling port. The NG mixed with a diluting gas
stream (argon:H2 = 3:1) was reacted in the plasma torch.
Resulting tars were captured in an impinger condensing system
containing solvents, such as dichloromethane. The tar was
separated from the condenser solvent using a rotary evaporator
and was converted to a pitch (NGDP) by concentrating the
heavier portion using fractional distillation at ∼200 °C. This
NGDP was compared with a commercial Koppers’ pitch
(K174) that has been well analyzed previously.8 For graph-
itizability comparison, petroleum coke, needle coke, and shot
coke were obtained from a local supplier. The images of these
benchmark cokes are provided in Figure 1.

2.2. Carbonization and Graphitization. The NG-
derived pitch (NGDP) was carbonized in argon at 600 °C
for 3 h using a Thermolyne 21100 tube furnace. The
benchmark cokes did not require a carbonization step. All
samples were graphitized at 2500 °C under inert atmosphere
(argon) for 1 h using a Centorr graphite hot zone furnace. The
samples subjected to graphitization heat treatment were
labeled as “GR-”.

2.3. Materials Characterization. 2.3.1. Transmission
Electron Microscopy (TEM). TEM images were acquired at
various magnifications ranging from 10 to 500 kX using an FEI
Talos F200X microscope operated at 200 kV. The microscope
was equipped with a field emission gun source and provided a
resolution of 1.2 Å. The TEM samples were prepared by drop-
casting a sonicated ethanol-sample solution onto a 300 mesh
C/Cu lacey TEM grid.

2.3.2. X-ray Diffraction (XRD). XRD was used to compare
the graphitic quality of the graphitized samples. The XRD
spectra were acquired using a Malvern PANalytical Empyrean
diffractometer equipped with a copper (Cu) source (wave-
length � = 1.54 Å), para-focusing optics, and a PIXcel 3D
detector. Peak deconvolution was performed using MDI Jade
software, and the crystallite diameter (� a) and stacking height
(� c) were calculated using the Scherrer equation with � c and
� a of 0.89 and 1.84, respectively.

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR).
FTIR analysis was performed using a Bruker Vertex 70v
spectrometer equipped with a liquid nitrogen-cooled mer-
cury−cadmium−telluride (MCT) detector. The spectra were

collected in attenuated total reflectance mode, and the
aromaticity index of the sample was calculated as

(peak area)

(peak area) (peak area)
3050cm 1

3050cm 1 2920cm 1+
.

2.3.4. Solvent Fractionation. The NGDP was further
characterized by measuring hexane, toluene, and quinoline
soluble fraction, and the wt % of each fraction is reported in
the Results and Discussion section. The NGDP was dissolved
in the solvents at room temperature while stirring, and the
insoluble content was filtered out using filter papers having 1
�m pore size. The insoluble content was measured after drying,
and the soluble content was determined by the weight balance.

2.3.5. Polarized Light Microscopy (PLM). PLM on the
carbonized NGDP assessed its graphitizability based on the
optical texture using a Nikon Microphot-FXA optical micro-
scope operated at 50× magnification. The carbonized sample
was cured in epoxy, and the cured sample was polished using a
series of 120, 240, 640, and 1200 grit sandpapers with final
polishing performed using alumina and diamond powder slurry
(0.3 and 0.05 �m, respectively).

3. RESULTS AND DISCUSSION
Table 1 shows various soluble fractions of the NGDP. The
characterization of the NGDP showed that the NGDP

contained an extremely low quinoline-insoluble (� resins,
QI) content, the absence of which is highly beneficial for
graphitizability of the pitch because QI hinders mesophase
formation. The majority of the pitch comprises toluene-soluble
� resins, containing up to six-ring aromatics with a highly
graphitizable nature owing to an optimal H/C ratio. Addi-
tionally, the NGDP contained significant (22%) � resins9

(quinoline solubles within toluene insolubles), typically
encompassing larger aromatics ranging from 6 to 15 rings.
These � resins beneficially contribute binding properties to the
pitch.

Figure 2 provides the FTIR spectra of the NGDP in
comparison to a commercial Koppers’ pitch. The aromaticity
index of the NGDP is 0.75 compared to 0.82 of the
commercial pitch, indicating a higher H/C content in the

Figure 1. Images of (a) needle coke, (b) shot coke, and (c) petroleum coke.

Table 1. Soluble Fraction Characterization of NGDP

toluene solubles (�
resins)

toluene
insolubles

quinoline
solubles

quinoline
insolubles

78.2% 21.8% 98.8% 1.2%
hexane

solubles in
toluene

solubles (oils)

hexane insolubles
in toluene
solubles

(asphaltenes)

quinoline solubles
in toluene

insolubles (�
resins)

quinoline
insolubles in

toluene insolubles
(� resins)

36.1% 63.9% 100% 0
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Figure 2. FTIR comparison of the NGDP versus commercial pitch.

Figure 3. (a, b) PLM images of the carbonized NGDP showing a large flow domain anisotropy indicative of high graphitizability.

Figure 4. (a−g) TEM images of the GR-NGDP showing a highly graphitic nanostructure.
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NGDP. The substantially lower area of the peak around ∼750
cm−1 compared to other aromatic C−H peaks in the 700−900
cm−1 region suggests that the NGDP contains substantially
higher pericondensed aromatics compared to K174. The
importance of a higher ratio of pericondensed-to-catacon-
densed aromatics for forming the graphitic nanostructure has
been highlighted in our previous publication.8 Moreover, the
distinctive peaks at approximately 3420 cm−1 observed in K174
are notably absent in the spectrum of the NGDP indicating a
substantially lower oxygen content in the NGDP. This should
be beneficial for the graphitizability of the NGDP as oxygen is
known to cause cross-linking of the basic structural units.10−12

Figure 3 shows the PLM images of the carbonized NGDP.
The application of PLM for analyzing mesophase formation
has been well studied before on a variety of pitches and
cokes.13−16 The color continuity seen within a flake in Figure
3a and flow domain anisotropy in Figure 3b over long range
(tens of micrometers) are indicative of continuity of
orientation domains in the mesophase and underscore the
high graphitizability of the NGDP. The process of graphitiza-
tion and the graphitic structure of carbons have been studied
over many decades.11,12,17−19 Indeed, the GR-NGDP was
found to be highly graphitizable by TEM and XRD
investigations.

Figure 4 shows a panel of TEM images of the GR-NGDP.
Analogous to the PLM image in Figure 3a, thin continuous
flakes larger than tens of micrometers were observed in TEM
(Figure 4f). As seen in Figure 4e,g, these flakes were highly
graphitic with long contiguous lamellae well stacked with each
other over tens of nanometers, consistent with PLM
graphitizability assessment. All other particles exhibited thin
flakes with a size of less than 1 �m. All surveyed particles
regardless of their size and shape contained graphitic
nanostructures having long contiguous, well-stacked lamellae.
The intergraphene distance in the HRTEM images was
measured to be ∼3.36 Å using ImageJ. XRD analysis further
confirmed the graphitic nature of the GR-NGDP.

Figure 5 provides the XRD overlay of the GR-NGDP versus
GR-benchmark cokes, and Table 2 provides the extracted
crystallite parameters. The insets in Figure 5 show magnified
XRD peaks in different regions. Notably, the GR-NGDP
showed a sharp 002 peak with position at a substantially higher
Bragg angle than all GR-benchmark cokes. This indicates the
smallest intergraphene distance and the highest degree of
graphitization achieved by the GR-NGDP. In addition, the

GR-NGDP showed the highest crystallite diameter (� a),
surpassing that of the GR-shot coke by a substantial 40%.
The GR-NGDP also showed a remarkable stacking height (� c)
value larger than the GR-shot coke by 20%. The stacking
height of the GR-NGDP was only 10% smaller than those of
the GR-petroleum coke and the GR-needle coke.

These observations suggest that the graphitizability of the
NGDP exceeds that of high-quality benchmark cokes that are
well recognized types by industry. This high graphitizability of
the NGDP can be attributed to its optimal composition. The
NGDP has high aromaticity, low QI, and no ash content, all
beneficial for good mesophase formation. The NGDP also has
little to no oxygen or other heteroatoms that generally result in
lamella cross-linking and crystallite defects. The high
aromaticity along with a high toluene-soluble content indicates
that a significant amount of hydrogen content in the pitch is
present on the aromatics rather than as separate aliphatic
molecules. Toluene solubles consist of smaller molecules
(typically up to six rings) with a higher hydrogen content
compared to the quinoline solubles having 6−15 ring
compounds. The presence of hydrogen is critical for
maintaining mesophase fluidity and radical stabilization and
limiting cross-linking to obtain high graphitic quality.8,14,20,21

This work highlights the potential of natural gas as a source for
obtaining high-quality graphitic carbon precursors in light of
diminishing conventional coal tar and petroleum pitches.

■ CONCLUSIONS
This research explored an innovative approach for obtaining a
graphitizable pitch from NG pyrolysis using microwave plasma.
The resulting NG-derived pitch (NGDP) was thoroughly
characterized and compared with graphitizable carbon
precursors well recognized by industry, namely, petroleum

Figure 5. XRD overlay of the GR-NGDP vs GR-benchmark cokes.

Table 2. XRD-Derived Crystallite Parameters for the GR-
NGDP versus GR-Benchmark Cokes

lattice parameter |
sample

GR-
NGDP

GR-shot
coke

GR-needle
coke

GR-petroleum
coke

� 002 [Å] 3.358 3.368 3.362 3.362
degree of

graphitization
0.86 0.75 0.82 0.82

� a (using 110)
[nm]

955 671 857 954

� c (using 002)
[nm]

259 214 290 293
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coke, needle coke, and shot coke. The study aimed to assess
the graphitizability of the NGDP as a potential precursor to
synthetic graphite. The results revealed that the NGDP
surpassed industry-standard benchmark cokes in terms of
graphitizability. The GR-NGDP exhibited the highest degree
of graphitization and crystallite size when compared with
industrial benchmark cokes. The exceptional graphitizability of
the NGDP was attributed to its optimal composition,
characterized by high aromaticity, high toluene solubles, low
QI and oxygen contents, and the absence of ash content. These
factors collectively led to the high-quality graphitic structure
observed in the GR-NGDP. This work shows the potential of
obtaining a high-quality pitch from NG for producing high-
quality synthetic graphitic carbons for energy storage
applications.
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