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A metal-assisted microwave treatment that converting raw coal powders into nano-graphite is pre-
sented. Specifically, four major factors are identified for successful conversion: (1) high temperature;
(2) reducing environment; (3) catalyst; and (4) microwave radiation. Specifically, it is determined
that the combination of the carbon sources (raw coal powders), the high temperature (microwave
Keywords: induced electric sparking), the reducing environment (the Ar/H, mixture), the catalyst (Cu foil), with
Coal the microwave radiations can generate nano-graphites. This novel approach utilizes the sparking
Microwave induced by the microwave radiation on the fork-shape metal foils to generate high temperature (> 1000
Nano-graphite °C) within few seconds. The small thermal load makes this method cost effective and has potential
for higher temperature using metals with higher melting temperature. Refinement of this technique
is possible to yield a higher quality and quantity of nano-graphite materials for a wider range of

applications.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Coal is one of the most available carbon materials worldwide
with the United States alone producing 756.2 million tons of
Coal in 2018 [1]. Among them, ~90% of the coal is used for
electricity generation through combustion, which poses concerns
in climate change. While alternative energy sources are actively
investigated in order to replace fossil fuels for energy generation,
the abundant coal resources will face transitions toward other us-
ages. Thus, converting coal materials into higher value materials,
such as graphene, graphite, and/or carbon nanotubes, is of high
interests [2]. Among the high value carbon materials, graphite is
used in a wide variety of applications, including lubricants [3-
5], high-temperature gaskets [4], non-porous sealing layers [4],
fire extinguisher agent for metal fires [4], thermal insulators
for molten metals [4], conductivity additives for electromagnetic
reflectors [6], enhancing mechanical performance [7], synthesiz-
ing other carbon materials (including graphene quantum dots
(GQDs)) [8,9], graphite intercalation compounds (GICs [4,10]),
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fuel cells [11], and lithium ion batteries [12,13]. Finite graphite
reserves and environmental concerns for the graphite extrac-
tion procedures [14,15] make the method of converting coal to
graphite a great alternative source of graphite production.

Overall, the molecular structures of coal are complicated [ 16—
18]. The complexity of coal is twofold. First, there are no com-
mon molecular structures [19]. Generally, simplified molecular
representations contain nm or sub-nm sized crystalline carbon
domains with defects that are linked by amorphous carbons [20].
Over one hundred variants of molecular level representations
of coal or coal extracts have been reported [21]. Second, coal
contains a variety of impurities, either as inorganic [18] and
organic parts in both stable and volatile states [22]. Given the
complexity, coal conversion is not a trivial task. The feasibility of
preparing carbon nanomaterials from coal was first established
by Pang et al. with the synthesis of Cso and C7o [23]. Since then,
coal is considered as an important carbon source for synthesizing
carbon nanotubes [24-27], and graphene quantum dots (GQDs)
[28]. On the other hand, even without purifications and detail
characterizations, minimally processed coal was synthesized into
a thin film for a joule heating device [29].

Among the various methods used to convert coal into car-
bon materials, microwave treatments are attractive due to the
low cost and high efficiency. Microwaves are electromagnetic
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waves with a frequency ranging from 300 MHz to 300 GHz. Two
frequencies (0.915 and 2.45 GHz) are reserved by the Federal
Communications Commission (FCC) for industrial, scientific, med-
ical, and instrumentation (ISMI) purposes [30]. Previous studies
have proven microwave radiation effective in treating coal mate-
rials. For instance, microwaves were used for measuring moisture
content [31,32], dewatering of coals [33-37], removing sulfur
and mineral matters from coal [38,39], and converting coal into
commercial fuels [40]. Microwave treatments were also used in
synthesizing carbon nanoparticles [41] and GQDs [42]. Similarly,
graphene oxides produced through a modified Hummers’ method
on graphite were successfully reduced to high quality graphene
via microwave treatment [38]. These reported methods utilize
microwaves as a method of fast energy transfer with dielec-
tric absorption. Yet most of them require specific pre-treatment
prior to the microwave treatment. Here, a one-step method with
metal-assisted microwave treatment is presented for converting
the carbon materials into nano-graphite. The high temperature
generated by sparking induced by the microwave radiation on
fork-shape metal foils is a novel approach and has great potential
to be increased when higher melting point metals are used.

2. Experimental
2.1. Materials and characterization methods

The thicknesses of the Cu (99.99% pure, MTI corporation) and
Al (UHV Aluminum Foil from All-Foils Inc.) foils are 25 pwm and
500 wm, respectively. The metal foils were cut with a knife
into fork-like shape and rinsed with isopropyl alcohol (IPA). The
fork-like shape is intended to induce sparking during microwave
irradiation. Details of the shape are presented in the supplemen-
tary material. A molar ratio of 95% Ar and 5% H, is used as
the reducing environment. The microwave radiation is generated
from a conventional household microwave oven (Hamilton Beach
900 W, 2.54 GHz). The raw coal used in this study is from Powder
River Basin, WY [43] and finely ground into sub-millimeter grains.
All samples are sealed in 20 mL glass scintillation vials.

The microwave treated materials were characterized with
Raman Spectroscopy, Scanning Electron Microscopy (SEM), and
Transmission Electron Microscopy (TEM). Raman spectroscopy
was conducted using a Snowy Range Instruments Raman spec-
trometer with a 532 nm diode-pumped solid-state laser. SEM
images were acquired using a FEI Quanta 250 with a 20 keV beam.
TEM images were acquired with a FEI Tecnai G20 FE-TEM/STEM
using a 200 keV beam.

2.2. Converting procedure

In this work, the raw coal powders were pressed onto the
metal foils. The samples were sealed in a controlled environment
followed by the microwave irradiation. The microwave radiation
induces sparking to generate high temperature when the fork-like
shape metal foils are used. The microwave radiation continues
for a certain period of time beyond the sparking stopped. More
specifically, raw coal powder (0.6 mg) was loaded onto a pre-
pared metal foil and firmly pressed onto the foil surface with
a disposable plastic spatula. The powder covers approximately
1/3 of the area of the metal foil near the fork-shape region, as
described as the shadowed regions in the inset of Fig. S1(a).
Next, the sample is sealed in the desired environment. For the
ambient environment condition, the sample was simply sealed
in air. For the Ar (inert) and Ar/H, (reducing) environment the
samples were placed into a glass jar with environment control.
The glass jar was initially pumped down to 310 mbar, followed
by the desired Ar or Ar/H, flow with one standard cubic feet
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per minute (SCFM) flow rate of gas under standard pressure and
temperature conditions for 5 min. This process was repeated 3
times. The microwave radiation duration was varied from 3 min
to 45 min.

3. Results and discussions

To convert the raw coal powder, the major factors are: (1)
high temperature (sparking); (2) reducing environment (Ar/H;);
(3) catalyst (Cu); and (4) microwave radiation. Note that in the
following discussion, for comparison purpose, the Raman spectra
taken from the untreated raw coal, and from the sample with
successful conversion are displayed in each panel in Fig. 1. Specif-
ically, the untreated raw coal is shown as black curve; while
the successful converted sample is shown as red. The successful
converted sample is also the one shown in Fig. 2(a) with 15 min
microwave treatment, sparking induced, Cu foils, and reducing
environment (Ar/H;). The effects from each major factor will be
discussed with each panel in Fig. 1.

First, let us look at the effects of the sparking. Fig. 1(a) shows
the Raman spectra measured on the successfully converted sam-
ples (with sparking), non-sparking samples, and untreated raw
coal. For the non-sparking sample, the fork-shape Cu foil is re-
placed by a rectangular shaped (10 mm x 20 mm) Cu foil, which
will not induce sparking. In Raman spectrum, D (~1350 cm™!)
and G (~1580 cm™~!) peaks originate from the sp?> carbon ma-
terials, which are expected in the coal molecules. For samples
with long range order, in addition to the D and G peaks, 2D
(~2700 cm™!) and G’ (~2450 cm™') peaks are also expected
[44]. It is obvious in Fig. 1(a) that no 2D peak was observed for
the non-sparking sample and the spectrum is almost identical
to that of the untreated coal. It can be concluded here that the
high temperature produced by the sparking is one of the key
ingredients for the nano-graphite conversion.

Similarly, sparking induced by microwave treatment is also
necessary to convert graphene oxide (GO) into high quality
graphene [38]. In the previous work, the sparking was induced
in the mildly reduced GO with a pre-annealing procedure prior
to the microwave treatment. On the contrary, in this work, the
coal powders with pre-annealing (300 °C for 1 h under Argon)
did not exhibit sparking during the microwave irradiation. The
Raman spectrum of this pre-annealed coal powders is similar
to the non-sparking sample in Fig. 1(a). Alternatively, in this
work, the sparking is provided by a fork-shape metallic Cu foil.
The sparking only lasts for few seconds occurred within the first
180 s of microwave time, even the total microwave duration
can be as long as 45 min. Detail sparking duration analysis is
described in the supplementary material. The sparking ceased
due to the melt down of the fork-shape part of the metal foil. The
blunt shape of the foil after the melting prevents it from further
inducing sparking. The melt down of Cu foils also indicates that
the sparking appeared near the fork-shape regions can heat the
Cu foil to the melting point, ~1085 °C, within few seconds.

Second, three environments are tested: ambient, inert (Ar) and
reducing (Ar/H,) environments. Fig. 1(b) compares three samples
with these three environments as well as the untreated raw
coal. The two samples, inert environment (pure Ar) and ambient
environment (air), exhibit no 2D peak, indicating that no long
range ordered structure has formed. The sample treated in the
inert environment (Ar) exhibits a similar Raman spectrum as that
of the untreated coal. This infers that under the inert environ-
ment, the high temperature induced from the sparking does not
alter the coal materials to have observable changes in its Raman
spectra. On the contrary, the sample treated in the ambient envi-
ronment exhibits weaker D and G bands in the Raman spectrum.
It is possible that the amount of the aromatic structured carbon
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Fig. 1. Raman spectra taken on samples with various conditions. The spectra are grouped in the following ways to emphasis the effects from the major factors: (a)
Sparking and non-sparking samples; (b) ambient, inert and reducing environments; (c) Cu (catalytic) and Al (non-catalytic) foils. In each plot, Raman spectra from

untreated coal (black curves) and optimally converted samples (red curves) are added for comparison.

legend, the reader is referred to the web version of this article.)

materials is reduced after the sparking process. Coal combustion
is likely taking place during the sparking process in the ambient
condition. It is concluded that the reducing environment is a
necessary factor for the conversion.

It was reported that H, could stabilize the C-H bonds at
the edges of the graphite layers, preventing the formation of an
amorphous carbon [45,46]. When converting very defective coal
materials, the Ar/H, environment is needed to stabilize the edges
to form larger size of crystalline graphite. Similarly, while dealing
with complex carbon sources, such as food, insects, and waste,
Ar/H, flow was used during the graphene synthesis phase [47],
where Ar/H, flow serves as both the carrier gas as well as the
reducing reagent for the complex carbon compounds. In our
experiment, the Ar/H, is sealed in a vial, rather than flowing. It
is possible that the flowing Ar/H, might produce better results,
such as higher quantity or better quality of the nano-graphite.
A microwave oven with tube passing through the microwave
region is needed for this experiment. On the other hand, the
conversion of GO to graphene through microwave treatment does
not require the reduced environment. Only inert environment
was used [38]. As GO is obtained by oxidizing graphite, GO has
large basal plane structures with chemisorbed functional groups.
The edge stabilization is not a key procedure to convert the GO
back to graphene, hence the reducing environment is not critical.

(For interpretation of the references to color in this figure

Third, the importance of the catalytic role of Cu foil is tested.
It is known that Fe, Co, and Ni are efficient catalysts for carbon
nanotube (CNT) [48-51] and graphene [52-56] synthesis; while
Cu [57], Ru [58], Ir [59], and Pt [60-62] have been used as
catalytic substrates for graphene growth. On the other hand, Al is
well known for its lack of catalytic activity for graphene growth
[63]. Here, Al foil is used to replace Cu foil and the results are
shown in Fig. 1(c). The Raman spectra taken on the samples
treated with Al foil exhibit similar spectra as that of the untreated
coal. This indicates that the Al foil does not facilitate the nano-
graphite conversion from coal powder even with the sparking
and the reducing environment. The Cu foil is required for the
coal-to-nano-graphite conversion.

To wrap up with the Raman data presented in Fig. 1, the
successful coal-to-nano-graphite conversion requires the follow-
ing ingredients: (1) high temperature (sparking), (2) reducing
environment (Ar/H,), and (3) catalyst (Cu foil). In stark con-
trast with other synthesis methods, such as the CVD method,
the high temperature here is generated by sparking that occurs
during microwave radiation with fork shaped metal foils (see
supplementary material). The advantage of this method is the
cost effectiveness due to the low heating load. In general, the
fast heating and cooling may be the key to induce the nano-
particles [64]. Furthermore, higher temperatures may be attained
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Fig. 2. Determining microwave duration effects. (a) Raman spectra of samples with various microwave exposure durations. (b) The D peak width, 2D/G intensity
ratio as function of the microwave exposure durations. (c) 2D/G intensity ratio as function of the sparking time. (d) The Raman spectra of samples treated with
15-min microwave exposure as well as samples treated with 30 s microwave exposure (with sparking) followed by 14.5-minutes 400 °C hot plate heating.

with high-melting-point metal foils. It possibly widens the range
of carbon materials to be produced with this method.

The additional factor that may affect the conversion is the mi-
crowave radiation duration. The Raman spectra taken on samples
prepared with varying microwave exposure durations (ranging
from 3 to 45 min) and the required factors (sparking, Ar/H,, and
Cu foil) are shown in Fig. 2(a). The 2D and G’ peaks are visible in
all samples, indicating they all have successful conversion. Among
them, the samples treated with 15 min of microwave radiation
exhibit the sharpest D peak and highest 2D/G intensity ratio, as
summarized in Fig. 2(b). This infers that the 15 min of microwave
radiation (including the few seconds of sparking period in the first
three minutes) shows the most significant conversion. One might
argue that this observation could originate from the sparking
duration, which is not fully controllable as the sparking in each
trial only lasts for few seconds (see supplementary material). This
is ruled out by Fig. 2(c), where the 2D/G intensity ratio versus
sparking duration for each sample is plotted, where no correlation
between the observed 2D/G ratio and the total sparking duration
is observed. With these observations, in addition to the role of
inducing sparking, the microwave radiation actively participates
in the conversion of nano-graphite.

While the microwave radiation seems to be influencing the
conversion, it is unclear whether the effects of the microwave
radiation thermal or non-thermal. To distinguish the two sce-
narios, two samples were prepared. While the sparking, reducing
environment, and Cu foils are identical for the two samples, the
first sample undergoes a full 15 min of microwave radiation while
the second sample is exposed to 0.5 min of microwave radia-
tion (with sparking) followed by hot-plate annealed for another
14.5 min. In our setup, the temperature due to the microwave
absorption (thermal effects) in the converted coal powder cannot
be measured. It was reported that the maximum temperature
attainable by microwave heating (2.455 GHz, 1.5 kW) for nano-
scale graphite/carbon materials is only ~200-500 °C [65]. In
this work, the microwave oven used has a power of 900 W. It
is estimated that the microwave heating in our converted coal
samples will be near 400 °C or less. The Raman spectra of this
hot plate treated sample and of the full 15-minute microwave

treated sample are compared in Fig. 2(d). The Raman spectrum of
the hot-plate treated sample shows no 2D peak nor a significant
change in D and G peaks compared to that of the untreated coal,
indicating no significant conversion has happened. The results
further point out that the microwave treatment in the coal-to-
nano-graphite conversion is not simply a thermal effect. The
microwave radiation has non-thermal effects on the chemical
reactions for the successful conversion.

The definitive evidence of the nano-graphite conversion comes
from the high resolution TEM images and the selected area
diffraction patterns. The sample used for TEM measurements is
the optimally converted sample (sparking, Ar/H, environment,
Cu foils, and 15 min of microwave treatment). Though the coal
powder was firmly pressed prior to the microwave treatment,
there are loose powders after the microwave treatment. The
Raman measurements presented above were measured on the
Cu foils after shaking off the loose powder. Thus, the materials
of interest for TEM measurements were the materials on the Cu
foils which were removed through gentle scraping and sonica-
tion. Fig. 3(a) and (b) are the selected area diffraction patterns
measured on the raw coal powder and the crystalline regions of
the converted samples. The radial average of the diffraction signal
is plotted beneath the diffraction pattern for better visualization.
Locations of the diffraction rings for graphite, CuO and Cu,0O
are added as dashed and colored half-rings in the diffraction
images. Vertical lines correlate the peak position to the rings
observed in the diffraction pattern. Clearly the untreated coal
has no sharp diffraction rings owing to the lack of long-range
order. Also, the position of the broad peak does not match to
any of the features from graphite, CuO or Cu,0. On the contrary,
the diffraction pattern from the successful converted sample
(Fig. 3(b)) exhibits sharp and well-defined rings and dot-like
features, which matched to the crystalline planes of graphite, CuO
and Cu,0 [66]. The dot-like features indicate the products are
closer to the polycrystalline case. The CuO and Cu,0 are possibly
formed by either the oxygen in the raw coal or after the exposure
to the air for Raman and TEM measurements. Fig. 3(c) shows the
TEM images at the location where the diffraction pattern was
collected. From a line profile taken at the path indicated as the
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Fig. 3. TEM image and selected area diffraction of coal derived nano-graphite. (a) Diffraction pattern of the untreated coal with radial average beneath it. (b)
Diffraction pattern of converted coal with radial average beneath it. The ring features match well with that of graphite, CuO and Cu,0. (c) A TEM image shows the
fringes where the selected area diffraction was measured. (d) Line profile from (c) measuring across 8 valleys for 2.5 £+ 0.2 nm results in 0.31 £ 0.03 nm per fringe.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a 3 Minute

e 30 Minute

b 6 Minute

Fig. 4. SEM images of the five samples with various microwave treatment duration: (a) 3-min; (b) 6-min; (c), (d) 15-min; (e) 30-min; and (f) 45-min. All the SEM
images were measured from the regions near the melted areas except (d), which was measured far away from the melted regions for comparison. The scale bar in

each figure is 5 pm.

red solid line in Fig. 3(c), 2.5 & 0.2 nm was measured across eight
fringes, or 0.31 & 0.03 nm per fringe. The results are comparable
to the reported nano-graphite/Fe;0, composited prepared from
pure nano-graphite [67]. This is corresponding to the interlayer

spacing of the graphite along the c-axis, hence the nano-graphite
is determined.

Successful conversion occurs only for the carbon materials
directly in contact with the Cu foil and adjacent to the spark-
ing site. The surface morphology evolution as a function of the
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microwave exposure duration is measured by scanning electron
microscopy (SEM), as shown in Fig. 4. Except Fig. 4(d), all of
the other SEM images presented were captured near the melted
regions where nano-graphite was observed in the Raman spectra
and TEM images. The morphology is observed to evolve from a
rough surface (3-min sample, Fig. 4(a)), to smooth surface (6-
min sample, Fig. 4(b)), to a smooth, thick surface (15-min sample,
Fig. 4(c)), and back to a rough surface (30- and 45-min samples,
Fig. 4(e) and (f)). Comparing with the Raman measurements,
the smooth layers seen in SEM images for 6-min and 15-min
cases are directly related to the polycrystalline nano-graphites.
For the locations far away from the melted regions in the 15-
min sample (Fig. 4(d)), the rough morphology is consistent with
the observation in the TEM images of the samples with low or
no conversion. This observation is consistent with the picture
that the coal powder far away from the high temperature region
(melted region) does not undergo the conversion.

Based on the observations described above, a working hy-
pothetical mechanism for the conversion of nano-graphite from
coal materials via metal assisted microwave treatment is pos-
tulated here. First, the high temperature produced by sparking
initiates the process. Upon sparking, the coal powder adjacent to
the sparking regions gain significant amount of thermal energy
allowing for chemical bond breaking. Second, upon cooling, the
catalytic role of Cu foil is essential to facilitate the formation of
graphitic sp? bonding. Third, the hydrogen in reducing environ-
ment stabilizes the edge of the formed graphitic structure. And
finally, the continuous microwave radiation further assists the
conversion and growth in thickness through a non-thermal effect.

In fact, the formation of nano-graphite (multilayer graphene)
is rather peculiar. It has been widely studied and accepted that
only single layer graphene will be formed on Cu foils using CVD
method. This is believed to be owing to the low solubility of
carbon in the Cu. Therefore, it is expected here that only the
single layer graphene will be produced. Thus, the formation of
the nano-graphite shown indicates that the microwave treat-
ment may play an important role in growing multilayer graphene
(nano-graphite).

4. Conclusion

In summary, using Cu foil, a reducing environment, and a
household microwave oven, the production of the nano-graphite
material from raw coal powder has been successfully demon-
strated. It is determined that the high temperature (by sparking),
the catalyst (Cu foil), and the reducing environment (Ar/H,), are
essential for the conversion while the microwave radiation ex-
hibits non-thermal effects that allow for the multilayer graphene
growth. This method provides a new route to convert abundant
carbon sources to high value materials with ecological and eco-
nomic benefits. This method is also potentially applicable to the
synthesis of the metal oxide powders [68-75].
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