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Summary
Developing a Facile Technology for Converting Domestic US Coal into High-Value Graphene

Universal Matter Ltd. was formed in July 2019 to scale-up and commercialize a breakthrough
process, Flash Joule Heating (FJH), to transform different coal grades, into high-quality graphene. This
graphene is made using a high-voltage electric discharge that brings the carbon source to temperatures
higher than 3,000 K in less than 10 milliseconds. The short burst of electricity breaks all chemical bonds
in the feedstock and reorders the carbon atoms into exceptionally thin layers of a special type of
graphene, at an estimated $100 per ton in electricity cost. This process is capable of producing 1-5 layer-
thick high-quality graphene (with defects of <0.05% and purity of >99%) in a green, practical, and cost-
effective process.

The graphene produced in the FJH process is a very special kind of graphene called “turbostratic
graphene” (TG). TG offers superior physical properties compared to other graphene structures on a
similar weight basis. Unlike graphene made from graphite using traditional techniques, the graphene
layers in TG stack in an irregular pattern that allows the graphene powder to be exfoliated more easily
and blend more evenly within other materials. The TG produced using our FJH technology is the most
economical graphene product that opens up significant large volume markets for end-use applications; it
would allow the use of TG made from coal for commercial applications in several market segments
including energy storage, sensors, hyper-lubricants, reinforced plastics, and building materials such as
concrete.

Depending on the feedstock and processing parameters used in FJH, different morphologies of
graphene can be achieved. The main objective of this project is to optimize the process by using
statistical modeling and to validate the technical and economic benefits of producing graphene by using
different grades of coal or coal derived materials as the feedstock for FJH process. The graphene
products developed from different feedstocks will be studied for application development in different
strategic markets to further validate the cost/performance advantages and the environmental benefits
that can be realized by the incorporation of graphene-based modifiers into different end-use
applications.



Introduction

In 2010, the Nobel Prize in physics was awarded for leading-edge experiments on a two-
dimensional material called graphene [1]. Graphene, a “wonder material”, is comprised of a honeycomb
lattice structure of carbon atoms and has shown the potential to generate disruptive technologies. Ever
since its discovery, a wide range of impressive properties have been reported for graphene, including
high electron mobility of over 200,000 cm? V1S at electron density of ~2 x 10! cm™ [2], high thermal
conductivity of ~5 x 10> Wm™K™ [3], impermeability to gasses despite being one atom thick [4], optical
transparency of 97.7% [5], ballistic transport of electrons [6, 7], and being “the strongest material ever
measured” with ultimate tensile strength of 130 GPa and Young’s modulus of 1 TPa [8]. The fact that all
of these properties are found within a single material has stimulated great interest in graphene.

Within a mere decade, hundreds of academic institutions and commercial companies are now
actively exploring new technology opportunities for transforming key industries such as energy,
electronics, and many others by developing a wide spectrum of new high-performance graphene-based
nanomaterials. In spite of this, graphene is still only at the early stages of commercial development as a
number of challenges need to be addressed. The first of these has been a lack of scalable synthetic
routes to produce graphene in the quantities required for industrial applications. The high cost of
graphene production makes it inaccessible for commercial applications in several market segments
including polymers, energy storage devices, and building materials such as concrete. The second
problem relates to the low quality of graphene produced using most current commercial graphene
manufacturing techniques. The most popular graphene production methods are based on graphite
exfoliation through mechanical, chemical, or electrochemical treatments. However, a recent comparative
study performed on different grades of graphene flakes provided by the top global graphene suppliers
confirms that most of what is currently labeled and priced as graphene is actually graphite powder and
none of these graphene manufacturers are capable of producing true graphene in a large-scale and cost-
effective manner [9].

Previously, under agreement number DE-FE0031794 titled Conversion of Domestic US Coal into
Exceedingly High-Quality Graphene, Rice University researchers studied the production of high value
graphene from coal at gram scales using Flash Joule Heating (FJH) in a laboratory environment [10, 11].
Building upon these efforts and with aim to increase the technology readiness level (TRL) of the FJH
based feedstocks, the primary objectives of cooperative agreement DE-FE0031988 (this project) were to
optimize the FJH process for coal-based feedstocks and use statistical modeling (SM) techniques to
improve outcomes of the FJH process. Additional objectives of the project included validating the
technical and economic benefits of the production of graphene by FJH and development of applications
in strategically chosen markets to maximize the cost and performance advantages as well as the
environmental benefits that can be realized by the incorporation of coal derived graphene-based
modifiers into different end-use applications.

Development of Flash Joule Heating Systems



In order to initiate efforts aimed at addressing the objectives of this project, we first built the
direct current (DC) mode to draw power from a bank of capacitors (96 capacitors with 1.1 F total
capacitance) through pulse width modulation. For switching the high current, insulated-gate bipolar
transistor (IGBTs) are used for switching up to 1000 Hz. While DC FJH with a capacitor bank is possible, it
requires a complicated system as well as intensive labor. Therefore, we explored the possibility of using
alternating current (AC) as an alternative for the DC system. Subsequently, using an available 480 VAC
three phase system, we constructed an AC FJH system with 277 VAC and 100 A continuous capability
(Figure 1). Although the system cannot provide thousands of amps, it is capable of providing hundreds
of amps in longer period of time comparing to the DC system. Figure 2 and Figure 3 show the AC FJH
system and its circuit diagram. Because the AC power line has a continuous current rating of 100 A, a
current limiting capacitor was installed in series with the sample. This capacitor effectively limits the
current to approximately 300 A. The system’s switching is controlled by two silicon controlled rectifiers
(SCRs) in parallel for full wave switching. This FJH system provides a longer flash duration with a peak
current of 300 A. The two (2) second longer flash accumulates more energy than the DC flashing system.
As the result, a 20 g sample of metallurgical coke (met coke) was successfully converted to graphene
using this new FJH system. The AC peak current was measured to be up to 300 A with a clean sine wave
profile) suggesting the clean Joule heating without sign of arc flash.

Figure 1. Flash Joule Heating system at Universal Matter’s Houston Innovation Center



Figure 2. Prototype AC Flash Joule Heating system
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Figure 3. Circuit diagram of the high-power AC Flash Joule Heating system
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Figure 4. Electrical profile (current vs. time) of the Flash Joule Heating of 20 g of metallurgical coke

During experimentation with the AC FJH system, we observed that the voltage that was used for
the FJH experiment lowered significantly towards the end of the flash. It was determined that the reason
for this was due to a low resistance at the end of the flash, as the current reached the limiting current of
the system. The power that was delivered to the sample was observed to be lowered as well. In order to
have an efficient ACFJH system, the voltage and current must match the low resistance of the sample.
The solution is to install a step-down transformer to lower the voltage from 480 VAC to 208 VAC and
increase the current rating of the system from 100 A to 230 A. Accordingly, the flash switching system
was also upgraded to accommodate the higher current rating.

The new current circuit is presented in Figure 6 and has an output is 280 VDC. Three parallel
currents are regulated by a separated SCR switching system that allow for a current limit of 100 A, 200 A,
and 400 A. Switching and combining the three switches allows for a current limit of 100 A to 700 A, with
100 A intervals. The controller also has a pulse width modulation mode that has a duty cycle of 5-100%
on top of the current limiting control. Overall, the new FJH tool drives a much higher power with much
better control of the system’s power. Moreover, this system allows the operator to control the power
input to the sample precisely, up to 150 kW.

With the newly built Flash Joule Heating (FJH) tool (Figure 5) in hand, we were able to
successfully perform a FJH experiment on a 200 g sample of coal derived material (metallurgic coke or
MC). Notably, the graphene product was found to have significantly improved properties, relative to past
experiments. Furthermore, this achievement constituted a tenfold increase in the batch size amenable to
FJH from the start of the project. Additionally, it is noted that the newly built FJH tool is substantially less
costly (approximately one third of the cost) than the first DC flashing tool we had, while possessing the
capability to perform FJH on a ten times larger sample batch size. Furthermore, all of the components of
the new FJH tool are readily available from commercial vendors and lack apparent supply chain issues.
These achievements demonstrate significant improvements in the cost efficiency of the FJH process that
we have made in the first year of the project Importantly, in having successfully converted a 200 g batch
of metallurgical coke to flash graphene (FG) using FJH, an objective of Subtask 5.1 was completed.
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Figure 5. New Flash Joule Heating tool
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Further Development of Flash Joule Heating Systems

At first, the sample is flashed inside a homemade polycarbonate chamber (Figure 7). The sample
holder jig is enclosed inside a polycarbonate chamber with exhaustion line. The jig provides compression
to perform FJH on a sample of approximately 20 g which is enclosed in a 16 mm quartz tube. The jigis a
linear stage that compresses the sample between two brass electrodes under two springs. The elasticity
of the spring is needed to accommodate the dynamics of the FJH process, which results compression or
expansion of the sample. A force sensor is integrated to the jig in order to record the pressure inside the
sample.

Since the early stages of the development of the FJH process, we have been able to convert a
large number of feedstocks into graphene [11]. However, in order to scale up and increase the current
technology readiness level (TRL) of the FJH, a replacement for the flashing quartz tube to a more
economically viable option was necessary. For example, for a 100 g FJH sample, the required quartz tube
can cost upwards of $50. When scaled up, the cost of the quartz tube is reduced, however, it can still be
in range of $200-300/kg of graphene produced. To reduce the cost of the FIH process, we experimented
with different FJH reactor materials that included refractory cement, concrete, silicon carbide (SiC),
ceramic, and refractory bricks. Gratifyingly, we found that refractory bricks, in the right configuration, are
an excellent choice for an FJH reactor.

Figure 8 demonstrates the newly built FJH reactor comprised of refractory bricks. Instead of a
one-piece cylindrical reactor, we found that rectangular configurations are also suitable for a FJH reactor.
In the cylindrical reactor, the volatiles can only escape from the two side of the flashing tube. Therefore,
we have seen many flashes that result in explosions because of the built up gas inside the reactor. With
the rectangular brick reactor, the bricks have natural gaps between them. These gaps act as outgassing
channels for the volatile products. As a result, we have not seen any explosion from the brick reactor.
Furthermore, we have been able to safely scale up the FJH of up to 100 g of metallurgic coke using this
reactor design. After performing FJH on the metallurgical coke inside the brick reactor, the top brick was
removed, and the sample top surface temperature was measured to be 2200°C. This surface
temperature is similar to the temperature during FJH of the same feedstock inside a quartz tube at 10 g
scale reported from the first quarterly report. Using Raman spectroscopy, (Figure 9), we confirmed that
the product obtained from FJH is in fact turbostratic graphene.
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Figure 7. Flash Joule Heating chamber at Universal Matter’s Houston Innovation Center
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Figure 8. Layout of new Flash Joule Heating reactor constructed of refractory bricks
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Figure 9. Raman spectrum of graphene obtained from Flash Joule Heating of metallurgical coke in the
refractory brick Flash Joule Heating reactor

Flash Joule Heating of Bituminous Coal

Bituminous coal is one of the cheapest carbon feedstock in the coal and coke family. However,
the carbon content of bituminous coal is much lower than that other coal feedstocks, such as anthracite
coal and metallurgical coke; hence, we expected to face difficulty in converting bituminous coal to
graphene using the FJH process. Accordingly, in order to prepare bituminous coal for a FJH experiment,
mined bituminous coals were generally crushed and sieved to the size of 0.84-1.68 mm (#20 - #12 sieve
size). In order to increase the conductivity of the feedstock, which is necessary for successful FJH, we
tried two different methods:

1.) Mixing the bituminous coal with 10% of carbon black by mass. Unfortunately, performing
FJH on this mixture was not successful due to high amounts of volatiles interrupting the
current pathway. Energy dose that is necessary for graphene conversion was not reached
and Raman spectra of the sample showed no 2D peak of graphene.

2.) Calcining the bituminous coal at 800°C. During calcining, a bituminous coal sample was
found to lose 25% of mass as volatiles fuming out, however, this also increased the
conductivity of the sample to be able to flash. The FJH of calcined bituminous coal started
similar to the FJH of metallurgical coke but instead of increasing the current to the flashing
point, the flash repeatedly stopped itself. One explanation for this phenomena is that the
ash content of the sample remains high in the calcined bituminous coal. Therefore, instead
of forming a carbon conductive pathway, the nonvolatile ash reacted with the carbon and
decreased the conductivity of the sample to at least ten fold.

Based on this series of experiments, it is concluded that bituminous coal is not suitable a

suitable feedstock for conversion to graphene using the FJH process due to its high ash and volatiles

content.
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Flash Joule Heating of Metallurgical Coke

Metallurgical coke (MC) is a coal derived material that is produced from the pyrolysis of
bituminous coal (metallurgical coal) [12]. In this project, metallurgical coke (MC) provided by SunCoke
Energy was subjected to DC FJH with different pulse width modulation profiles. The MC feedstock was
found to have good conductivity; thus, it was able to be subjected to FJH without further pretreatment.
In the case of the DC FJH of MC, with a full time opening circuit, pretreatment of the sample by low
voltage flashing is needed to avoid violent outgassing, which can result in an explosion. In a typical
experiment, the flash is commenced after a few pretreatments and the peak current was found to be
>1500 A. With a Pulse Width Modulation (PWM) flash, a pretreatment of the sample is not necessary,
and the peak current was measured to be <1000 A, which reduces the flashing time, the risk of explosion
during the experiment, and equipment failure, all while simultaneously increasing the process energy
efficiency and production throughput.

As shown in Figure 10 b (black trace), the temperature profile measured during FJH experiments
shows that the DC flash achieved nearly a 3000°C peak temperature and had a <500 ms duration (Figure
10 a black trace), which matches well with previously published results [11]. Alternatively, the PWM flash
was found to only peak at a temperature of approximately 1600°C (Figure 10 b —red trace), but has a
duration of approximately 2 s. However, when analyzing the graphene quality by Raman spectroscopy,
the two products are similar spectroscopically. Therefore, the combined results indicate that the lower
temperature PWM FJH process can be compensated by a longer FJH time. Additionally, it is noted that
despite the DC flash appearing to have a shorter duration, the production throughput using DC FJH is
much lower than the PWM FJH process because of the addition of pretreatment flashes required in the
DC process. Finally, the Variable Frequency Drive (VFD) frequency is found to be optimized in the range
of 100-10000 Hz with duty cycle range of 0-50%. The VFD flash employs a soft start, common for electric
motor starting, when a low duty cycle is first engaged to slowly heat the sample to remove some of the
volatiles.
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Figure 10. Current (a) and temperature (b) profiles vs. time of a DC flash (a) vs. a PWM flash (b). Note:
The pulse sequence of the PWM flash is shown in the inset
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X-ray diffraction (XRD) analysis of the product obtained from the FJH of MC indicates good
graphene conversion as demonstrated by the expanded (002) peak located at approximately 26° 20
(Figure 11 a) which indicates that the structure of the graphene product is not AB stacked graphene,
which will have a peak at 27° 20. Raman spectroscopic analysis clearly shows the typical graphene
spectra with a 2D peak located at approximately 2700 cm™ (Figure 11 b) [11]. With a D/G ratio of 0.8 and
2D/G ratio of 0.6, the metallurgic coke turbostratic graphene (MCTG) has a defective structure. A
comparison of the Raman spectra of graphene obtained from DC FJH and AC FJH is presented in Figure
12. Raman spectra of MCTG synthesized from DC and AC Flash Joule Heating. Based on high resolution
transmission electron microscopy (TEM), the MCTG has a sheet structure with flake size of approximately
1 um (Figure 13). The TEM also demonstrates a few layers of misaligned graphene structure.
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Figure 11. XRD (a) and Raman spectra (b) of turbostratic graphene synthesized from the Flash Joule
Heating of metallurgical coke
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Figure 12. Raman spectra of MCTG synthesized from DC and AC Flash Joule Heating
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Figure 13. TEM characterization of metallurgical coke derived TG

Flash Joule Heating of Anthracite Coal

Anthracite coal has the highest carbon content amongst all coals and is envisioned as an
inexpensive and abundant feedstock for product of graphene by FJH. According to the US Energy
Information Administration (US EIA), in 2021 the average annual sale price of anthracite coal was
approximately $107 per short ton [13], which is significantly less that metallurgical coke, reported to be
nearly $400 per short ton.

In order to prepare samples of anthracite coal feedstock for FJH experiments, the coal was first
crushed and sieved to #12-20 size. Subsequently, the resistance of a 5 g anthracite sample before FJH
was found to in the high range of kQ and enabled the direct FJH at approximately 2 kQ. Therefore, it was
determined that anthracite should be treated with low dose AC flashing to initiate the conductivity. This
pretreatment heat up the anthracite coal to reduce some of the volatile and increase the conductivity
without flashing it. After treatment with AC, the anthracite coal sample was found to have resistance
measured down to approximately 150 Q, and was deemed suitable for conversion to graphene by FJH. In
a representative experiment, a 5 g anthracite sample was flashed with DC at 370 V, which successfully
converted the starting material into turbostratic graphene (TG) with 70% yield. Raman spectroscopy
shows single Lorentzian graphene 2D peak at ~2700 cm™ with low defect D peak at ~1350 cm™ (Figure
14).
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Figure 14. Raman spectrﬁm of anthracite coal derived TG

In a quarterly report for this award (October, 2021), it was communicated that anthracite coal
sourced from Pennsylvania was subjected to FJH after a high-temperature pretreatment, the purpose of
which was to introduce conductivity to the material. In this experiment, it was found that the conversion
of the anthracite coal to graphene was ~70% and pretreatment was needed. Subsequently, anthracite
coal was revisited as a FJH feedstock using a sample that was obtained from a separate source (Fisher
Scientific - Victor, New York). The material sourced from Fisher was found to have a higher conductivity
than the previously tested anthracite coal. As indicated by the Raman spectrum below (Figure 16), the
higher carbon content anthracite coal demonstrated better conversion to graphene than the previously
tested anthracite. This is evidenced by the low intensity D peak located at approximately 1350 cm™?,
which indicates a low defect graphene structure [11]. Powder X-ray diffraction (XRD) was used as a
secondary means to characterize the graphene synthesized from the FJH of anthracite coal, as well as the
anthracite coal starting material itself. The X-ray diffractogram (Figure 15) demonstrates the evolution of
the anthracite coal starting material from an amorphous carbon (with some impurities) to a material
comprised of a high sp2 content, crystalline graphenic structure. As indicated by the green trace, the
graphene obtained from the FJH process has the “cleanest” diffractogram, with a well-defined (002) peak
at approximately 27° 20 [11]. Furthermore, scanning electron microscopy (SEM) was also utilized to
analyze the graphene product obtained from the FJH of anthracite coal. The SEM image in Figure 17 was
obtained from a representative sample of anthracite derived graphene and demonstrates that the
graphene flakes are 1-2 um in size, similar size to the Metallurgy coke derived FG and the CPC derived FG
[11], with a relatively thin structure.

In summary, the work reported here has demonstrated that even amongst the same type of coal
(anthracite), the unique feedstock identity plays a significant role in the process of FJH of coal to
graphene. In fact, these investigations indicate that anthracite coals can have good conversion to
graphene by FJH and yield graphene of suitable morphology, as confirmed by Raman spectroscopy, XRD,
and SEM. Importantly, these results suggest that high carbon content anthracite coals may serve as an
alternative to metallurgical coke as a coal-based feedstock for the production of graphene by FJH.
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Figure 16. Raman spectra of anthracite coal derived flash graphene.
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Figure 15. Overlayed X-ray diffractograms of anthracite coal and anthracite coal derived FG

Note: The blue and red in traces (diffractograms) correspond to the starting material/feedstock
(anthracite coal sourced from NY) while the green trace is the graphene produced from the FJH of
anthracite coal. The black trace corresponds to an “under-flashed” anthracite coal sample — indicating

incomplete conversion to graphene.
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Figure 17. SEM image of an anthracite coal derived FG flake

Scale up of the Flash Joule Heating process: Achievements and challenges

In order to address further scale up of the FJH process, a collaboration was initiated with a high
current testing laboratory to perform FJH on two samples (batches) of coal derived feedstock
(metallurgical coke) on the order of approximately one (1) kilogram. In order to conduct FJH experiments
for samples of this size, the collaborator provided a 2 MW power supply for the experiments. The size of
the tube (sample container) that was used for the experiments was 75 cm in diameter. The testing
results obtained from the two experiments are presented in Table 1. One of the samples had a mass of
0.7 kg while the other had a mass of 1.2 kg. In both instances, the yields of graphene obtained from the
FJH of each sample of metallurgical coke were greater than 90% (91.9 and 90.9%, respectively). For the
second sample, the flashing profile obtained from the experiment is presented in Figure 19. The peak
current was measured to be 8 kA with a peak power approaching 2 MW. Raman spectroscopic
characterization of the product obtained from the FJH of the 1.2 kg batch of metallurgical coke (Figure
19) shows the turbostratic structure of the graphene product with a single Lorentzian 2D peak at
approximately 2700 cm™. The low D/G ratio peaking at ~1350 cm™ indicates the low defect structure of
the graphene [14]. Overall, both of the samples passed our Raman quality control for graphene product,
similar to our FG benchmark from smaller tube.
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Table 1. Flash Joule Heating parameters obtained for metallurgical coke samples

Mass | Duration | Energy
Size (kg) (s) (MJ/kg) l20/a lo/s Yield
#12-
20 0.7 5.413 6.57 0.557072594 | 0.314266592 | 0.919142857
#12-
20 1.2 11.46 6.11 0.536968925 | 0.383333931 | 0.509416667
15.0 kA
-15.0 kA
1.0 kv
-1.0 kv
1.0 kv
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Figure 19. Profile obtained from the Flash Joule Heating of 1.2 kg of MC
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Figure 19. Raman spectrum of the product obtained from the Flash Joule Heating of 1.2 kg of MC
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In order to further develop even larger scale FJH systems, carbon black (which can be coal
derived) was chosen as an initial substrate, as it requires less power to flash than metallurgic coke. Thus,
kilogram scale batches of carbon black can be flashed at once, making carbon black a suitable choice for
proof of concept testing of a new larger scale Flash Joule Heating (FIH) reactor (jig). In addition, the
carbon black induces less heat stress to the jig material and retains heat better than metallurgical coke.
Accordingly, a 20 kg batch of carbon black was loaded a large trough constructed of refractory bricks
(Figure 20, left and middle), which constitutes the larger scale FJH reactor. Note that the FJH assembly is
made to compress the sample down by gravity. The top of the assembly is comprised of refractory
material, while the middle is made from quartz, and the two ends are composed of graphite electrodes.
In the experiment, the whole trough of carbon black was flashed section by section in order to convert
all of the substrate into flash graphene product. After 4 hours of total FJH time, 15 kg of high and
consistent quality graphene was produced in high graphene yield (>90% based on Raman) was collected
(Figure 20, right). Raman, XRD and TEM confirmed graphene that is similar to the carbon black derived
graphene from the original Nature paper [11].

We attempted to leverage a semi-automated FJH concept in order to transform a coal derived
feedstock, metallurgical coke, to graphene. However, in doing so, we faced a critical problem. As
demonstrated in Figure 22, the FJH reactor constructed of refractory bricks could not withstand the
extreme heat associated with the FJH of metallurgical coke. The high temperature from the FJH process
melted the refractory material and contaminated the graphene product. In order to mitigate the damage
from the FJH process, it was decided that a new material for the FJH jig should be the next focus of
research. First, we experimented with the use of a sacrificial layer, which included molding fine sand with
an oil binder as the sacrificial layer. Initial results show that the sacrificial layer successfully protected the
refractory brick during the FJH process, as demonstrated in Figure 22.

Figure 20. Semi-automated Flash Joule Heating reactor with carbon black substrate (left and middle) and
graphene product (right)

21



Figure 22. Damage to Flash Joule Heating reactor components resulting from high temperature of Flash
Joule Heating experiment

Figure 22. Sacrificial layer (molding sand) of Flash Joule Heating reactor after experiment

Development of a machine learning method for process optimization

Under this project, the foundations for our database (Figure 23-24) have been fully laid out and
our team has implemented forms of automatic data-logging and analysis across most daily activities.
Some aspects of the database and of the applications for interacting with said-database are still under
development as we go through the learning process. By simply filling out sample details (either manually
or imported), a sample can be tracked from cradle-to-grave, i.e., from its feedstock to its flashing (FJH),
flashing to characterization, characterization to dispersion, and dispersion to testing. With these
procedures being implemented team-wide, we are now able to draw connections from beginning to end
on effects that produce quality graphene and resultant graphene products. The Python programs make
data input and analysis into SQL backends quick and simple. Although not shown, we’ve utilized the
Google Charts Application Programming Interface (API) to instantly create QR codes for rapid sample
connection as well, which has increased the ease of tracking while also minimizing errors. Due to process
improvements over the course of developing of the database, a large amount of previously collected
data was determined to no longer meet our qualifications for tracking. However, as our production
technology has stabilized, we expect to be able to build large datasets very quickly across many different
feedstocks and applications.
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Figure 23. Screenshots from current database tracking app for Flash Joule Heating data and dispersion
data

Statistical modeling

Through the work of researchers at the University of Missouri, Columbia, (project team member)
strong correlations between the electrical parameters of FJH and the resultant graphene product were
elucidated. Initially, 42 large-scale tube flashes of metallurgical coke were investigated, with sample sizes
ranging from 0.7 kg to 10 kg. Pre-processing of the data, shown below in Figure 24, was utilized to clean
and scale the dataset for appropriate manipulation later. Without cleaning the data, parameters that are
text or missing can prevent proper handling, and without scaling, features that are on completely
different magnitudes, such as voltage and resistance, might be over- or under-represented. Analysis of
the data was performed using Python packages for generating distribution plots to visualize flash
parameters as continuous probability density curves with kernel density estimates (KDE), as shown
below in Figure 25. Violin plots, which are similar to box plots with the aforementioned kernel density
estimates, were also generated, and are shown in Figure 26.
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Figure 24. Screenshot of Flash Joule Heating datasets after data cleaning and handling categorical

features.
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Figure 25. Distribution and kernel density estimates plots of the whole dataset
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Figure 26. Violin plots of the dataset

Through calculating Pearson correlation coefficients, linear relationships between parameters
were drawn. The parameters range from -1 to 1, where -1 is a complete negative correlation, 0 means no
correlation at all, and 1 is a complete positive correlation. Figure 27 illustrates a heatmap drawn from the
Pearson correlation coefficients. Features that showed an almost perfect correlation are removed from
model training to improve model accuracy.
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Figure 27. Pearson correlation coefficient matrix of the Flash Joule Heating parameters
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While the analysis represents a significant suite of strong statistical, there are still many steps left
in ensuring that the eventual model is representative. For example, these next steps include
transforming data from small-scale metallurgical coke FJH runs to connect the laboratory-scale and pilot-
scale data, as well as inputting data from similar small-scale FJH runs from high-purity feedstocks, in
order to isolate effects of feedstock composition on flash performance and quality.

Evaluation of graphene in different applications
Development of method to disperse metallurgical coke turbostratic graphene

We found that metallurgical coke derived FG (MC-FG) is not able to be readily exfoliated in either
aqueous or organic solvents. Figure 28 shows an SEM image of MC-FG after ball milling for size reduction
of the #12-20 mesh size grain. Therefore, the dispersion of MC-FG in solution is an order of magnitude
smaller than the FG made with carbon black as the feedstock. Accordingly, under this project, we sought
to find an effective post-processing method to exfoliate the MC-FG. Various methods have been tested
and include:

1.) Mechanical exfoliation through high shear mixing and media milling
2.) Chemical milling exfoliation
3.) Hydrothermal intercalation with iron and exfoliation
4.) Electrochemical exfoliation
Of all methods list above, we found that only chemical milling effectively exfoliated the MC-FG.
As shown in Figure 29, the chemical milling post-process treatment increases the dispersion of MC-FG at
least three times as compared to the untreated MC-FG. SEM and TEM micrographs presented in Figure
30 and Figure 31 show that after chemical milling the MC-FG has been successfully exfoliated into
graphene of a few-layers and with flake sizes of approximately 500 nm. The experimental process for
exfoliation by chemical milling is as follows:
1.) A 100 g batch of metallurgical coke (provided by SunCoke Energy) is sieved to #12-20 mesh
and subjected to FJH to produce MC-FG
2.) MC-FG (1.8 g), pyrene or hydroquinone (Figure 31) 9 g (Pyrene/MC-FG = 5), Yttria-stabilized
zirconia (YSZ) 10 mm balls 56 g (ball to powder ratio = 93) are put into a ball mill and milled
at 700 rpm for 100 minutes. After milling, the balls and powder are sieved through a #20
mesh. The milled mixture is then added to 250 ml of acetone to dissolve the pyrene (or
hydroquinone). The FG is then filtered and washed with acetone.
3.) To test the dispersibility, 0.05% of MC-FG is dispersed in N-Methyl pyrrolidone (NMP) using a
high shear mixer at 9000 rpm for 5 minutes, then centrifuged for 5 minutes at 500 RCF
(Relative centrifugal force). A UV-vis spectrum is measured to determine the absorption of
the dispersion before and after centrifugation.
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Figure 28. SEM image of Flash Graphene derived from metallurgical coke
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Figure 29. UV-vis absorption for various dispersions (in NMP) of untreated MC-FG, MC-FG after the
pyrene milling process ("MC-FG-Pyrene”), and MC-FG after the hydroquinone milling process (“MC-FG-
Hydroquinone”)
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Figure 31. SEM and TEM images of MC-FG after the hydroquinone milling process.

a b OH

HO

Figure 32. Chemical structures of pyrene (a) and hydroquinone (b)

Flash graphene in concrete
Samples of MC-TG, were tested to assess performance of the material in the reinforcement of

concrete. General use limestone (GUL) cement, potable water, MC-FG, sand and limestone with 19 mm
in size were used to prepare concrete cylindrical specimens with dimensions of 4” by 8”. The mix-design
chosen for making the 1 m? concrete specimens was 250 kg/m? cement, 864 kg/m? sand, 1130 kg/m?

28



stone, 167.5 kg/m? water, 250 ml admixture per 100 kg cementitious content. The MC-FG dispersion at
the required concentration (% by weight of cement) was prepared in water using a high speed shear-
mixer (Silverson L5M Model) at 5000 rpm for 15-20 minutes. The as-prepared MC-FG dispersion was
then mixed with the rest of the ingredients in a drum-type mixer during the batching. Standard practices
outlined both in Concrete Standard Practices CSA A23.1:19/A23.2:19 and ASTM C192 were followed for
making and curing the concrete specimens. During the batching, it was ensured that the moisture for
sand and stone were corrected and any free-moisture (if present) was subtracted from the total amount
of batching water. The concrete thus was poured in three equal layers into plastic molds and each layer
was consolidated using 20 strokes of a tamping rod. The molds were sealed from the top using lids and
the cylindrical specimens were demolded after 24 hours and transferred to lime-saturated water for
curing. The specimens that were cured for 7-days were tested for their compressive strength using a
Forney Automatic Compression Testing Machine (Figure 33). Steel caps with neoprene pad cushioning
were used for capping the concrete cylinders as outlined in ASTM C 1231. The rate of loading during
compressive strength testing was within the range of 0.15 MPa/s to 0.35 MPa/s as outlined in ASTM C
39. The average compressive strength of three specimens was taken as the representative compressive
strength. The results showed an improvement of approximately 9% in compressive strength of cement
with MC-FG as compared to a reference sample, which is a promising result as only 0.1% MC-FG by mass
was added to the concrete (Table 2).

Figure 33. Photographs of concrete sample production (left), concrete samples (middle left), and sample testing (middle right,
right)

Table 2. Compressive strength results from concrete control samples and MC TG reinforced concrete

samples
0.1% UMO0701XP Concrete
Control .
(Union Process)
20.99 22.82
21.33 23.61
21.79 23.67
0.1% UMO0701XP Concrete
Control A
(Union Process)
Average 21.37 23.37
% change N/A 9.34
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Flash graphene in asphalt

In this project, metallurgical coke turbostratic graphene (MC-TG) has been demonstrated as a
potential additive to asphalt binders to improve their aging performance. By blending 2 wt% of MC-FG in
PG 67-22 asphalt binder, the aging, induced elasticity, and cracking issues are significantly reduced. In
asphalt applications, air will gradually oxidize the asphalt binders and make them become rigid and less
flowable. Therefore, stresses are prone to accumulate within asphalt binders, leading to the
development of cracks. At the lab scale, aging of asphalt binders is studied using a Rolling Thin Film Oven
(RTFO), which mimics the oxidation of an asphalt binder during processing, and a Pressure Aging Vessel
(PAV), which mimics the long-term oxidation of an asphalt binder during road operations. After RTFO and
40-hour PAV tests, we found that the performance of the MC-TG-modified asphalt binder is comparable
to that of the Styrene-butadiene-styrene SBS-modified binder (Figure 34), both are much superior to a
neat asphalt binder. The improvement of aging performance is more clearly shown in the ATc chart
(Figure 35), an indicator of the effect of aging and additives on the asphalt rheology. In the ATc chart, the
region above the black line is ATc, which means the binders are too rigid to release the stress. The arrow
indicates the change during aging. It is shown in the chart that all asphalt binders become rigid during

the aging process, but the MC-TG modified ones have a slower rate of rigidity progression.
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Figure 34. Frequency sweep tests after long-term aging (PAV) of asphalt samples
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MC-TG was investigated as an additive to asphalt binder to improve its aging performance. The
high defect MC-FG (MC-HD) was blended into a base binder (PG 67-B) using a high shear mixer. The
rheology of MC-FG modified binder was investigated as-prepared, after rolling thin film oven (RTFO)
aging, and after RTFO + 40 hr. pressure aging vessel (PAV). The results were compared to that of the base
binder and the SBS-modified binder (PG 76-22).

Table 3 summarizes computed 6 (Phase angle at G* = 8.967 MPa, where a larger value is better),
G-R value (Rowe 2011 parameter) that indicates the rheological performance, cracking and aging
susceptibility, where lower value is better), and R-value (predictor of overall fatigue strain capacity,
where a lower value is better). As shown in

Table 3, the addition of MC-HD can improve the rheology of asphalt binder, especially after being

aged.
Table 3. Rheology properties of base asphalt binder, SBS-, and MC-FG- modified binder
Unaged RTFO Aged RTFO + 40 hr PAV

Material o) G-R R-value 6 G-R R-value o) G-R R-value
67-B 58 693 1.44 50.64 | 3671 1.72 39.46 | 22286 2.37
PG 76-22 57.05 | 1497 1.44 51.08 | 4235 1.69 45.36 | 13231 1.99
0.5% - MC-HD | 59.04 846 1.37 54,71 | 2442 1.51 40.73 | 22741 2.28
1% - MC-HD 55.92 | 1206 1.48 51.34 | 3146 1.68 45.28 | 20431 1.96
2% - MC-HD 57.97 | 1315 1.39 55.1 2925 1.5 44.06 | 18940 2.02
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The age performance is also examined by calculating the AT.. AT. is widely used parameter that
is associated with block cracking caused by embrittlement of the asphalt binder due to climatic effects. It
is calculated by the difference between T.sand T.mthat are determined using the results of bending
beam rheometer (BBR, AASHTO T313) at different low temperatures. Generally, an asphalt binder is out
of service when AT is lower than -3 [14]. As shown in Figure 36, by modifying with MC-FG, the AT, of the
binder is improved almost 0 after 40 hr. PAV aging, showing a tremendous improvement over the base
binder (-3.3) and even SBS modified binder (-1.3). The aging performance is represented by the
intersection of T, (stiffness) and T. (m-value) (Figure 37), which shows the MC high d modified binders
are 170% better than the base binder, and almost double the performance of the SBS-modified binder.
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Figure 36. AT. of graphene modified asphalt binder compared to base binder and SBS-modified binder
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Intersection of Tc (stiffness) and Tc (m-value)
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Figure 37. Intersection of Tcsand T.m of base asphalt binder, SBS modified binder, and graphene
modified binder

Flash graphene in epoxy/coatings

The metallurgical coke derived graphene (MC-FG) was applied to a typical epoxy coating to
improve its anticorrosive performance. The MC-FG powder was first dispersed in a Bis-F epoxy using a
speed mixer to yield a master batch solution of 10 wt% graphene concentration. This master batch
solution was further diluted with Bis-A epoxy as the “Part A”. The resin was made with designed
graphene concentrations by mixing the above Part A with Versamid 125 (“Part B”). The anticorrosive
performance was examined by water permeation test. The test was performed by coating a 12 mils (~
0.3 mm) film of the as-prepared epoxy resin over a shot-blasted steel. Four dollies were glued on the
surface of epoxy coating. The sample was submerged in sea water at 170°F (100 psi) for 14 days and the
adhesion strength was investigated by pulling off the dolly.

Three types of MC-FG, including MC-FG with medium surface area (MC-MSA), MC-FG with high
surface area (MC-HSA), and chemical milled MC-FG (MC-HQ) were studied in the tests. As shown in
Figure 38, all MC-FGs significantly improved the adhesion strength compared to the neat resin which
contains no graphene compound, indicating a better anticorrosion performance. It is noted that the max
pulling capability of the instrument is 1200 psi and all the numbers above 1200 psi in Figure 38 mean the
adhesion is too strong to allow the dolly to be pulled out. For both MC-MSA and MC-HSA, a better
pulling performance is observed at low concentrations (0.005 wt% and 0.01 wt%, respectively), while
MC-HQ has a better and more uniform improvement at high concentrations (0.025 wt%) with none of
the dollies being pulled out.
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Figure 38. Water permeation test of MC-FG improved epoxy coating
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The flash graphene (FG) obtained from the FJH of metallurgical coke (FG-MC), was studied as an
additive in an epoxy composite for mechanical enhancements in collaboration with the Graphene
Council. The as-flashed MC-FG was first exfoliated using a chemical-mechanical milling process as
follows: The exfoliated MC-FG was first mixed into a bisphenol-F-epoxy resin masterbatch with a good
homogeneity and stability. The masterbatch was then diluted by adding more of the same resin to the
concentration of 0.1% and 0.5% using a high-speed orbital mixer and then was degassed under vacuum.
The resin was then mixed with a stoichiometric amount of Omicure DDA 10 dicyandiamide curative,
poured onto molds at 60°C and cured for 30 min. The sample was then subjected to a three-hour post-
cure at 160°C. In comparison to the control sample, which has no graphene or other additives, the
exfoliated MC-FG at 0.5% concentration showed a 3.1% improvement in flexural modulus, a 14.5%
improvement in flexural strength, and a 25.0% improvement in flexural strain. For both flexural strength
and strain, the exfoliated MC-FG has achieved the highest level of performance among the anonymous
17 total graphene samples which have been tested in this project.

Technoeconomic analysis

Based on our process development at the Houston Innovation Center and the design basis for
our Demonstration Plant, we have developed the following economic summary of the FJH process to
convert coal derived feedstocks to graphene. The summary in Table 4 demonstrates the feasibility of this
process to substantially upcycle coal derived feedstocks [15].

Table 4. Economic summary of the Flash Joule Heating process to convert coal derived feedstocks to
graphene

Demo Plant Scale Demo Plant Scale

@ 1 shift ($/kg) @Full Utilization

($/kg)
Variable Costs $35.00 $15.00
Fixed Costs $55.00 $20.00
Total Costs $90.00 $35.00
Price Range * $40-$200 $40-$200

*Based on Graphene Council 2023 Report

As noted previously, we have tested coal/metallurgical coke derived graphene in several
applications including industrial coatings and lubricants. As noted in the Graphene Council Report 2023,
Table 5 summarizes the graphene potential in some of these specific applications [16].
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Table 5. Market Projects for Graphene in Coatings, Adhesive, and Lubricants

Graphene in Coatings, Adhesives & Lubricants

: Opportunity
Application u::;i;'n (Good, oo bl en::r:.:;?.rn
P 9 Possible, Market Size Penetration : P
Market o Five Years
Negligible)

Powder $12.5 billion Good %1.2 billion 5% $60 million
Coatings
Adhesives & $50 billion Possible %1 billion 1% $10 million
Sealants
Lubricants $16.2 billion Good %2 billion 5% $100 million
Thermal $4 billion Excellent $400 million 10% $40 million
Management
Coatings
EMI Coatings %7 billion Possible %1 billion 1% $10 million
Anti-Corrosion $29 billion Excellent $12 billion 10% $1.2 billion
Conductive $2.5 billion Excellent %2.5 billion 10% $250 million
Inks
Anti-Icing %1 billion Excellent %1 billion 10% $100 million
Barrier Coating %4 billion Possilbe £500 million 1% $5 million
Anti-Microbial $9 billion Good $1.5 billion 5% $75 million

Total $1.86 billion

Source: The Graphene Council, The Graphene Report 2023
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Technology Gap Assessment (TGA)

Per the technology readiness levels (TRL) definitions included in DE-FOA-0002185, the TRL of the
FJH of coal at the beginning of cooperative agreement DE-FE0031988 was assessed at TRL 4. Upon
completion of the project, the TRL has advanced to TRL5. The assessment (TGA) presented in Table 6
demonstrates the additional research and development (R&D) needed to scale-up or commercialize the

subject technology.

Table 6. Technology Gap Assessment

Gap description

Action plan(s)

Desired outcome

Flashing containment
materials cannot withstand
the flashing (FJH)
temperature and degrade.

Design of experiments (DoE) to
find materials that can withstand
the flashing temperature or
serve as an economical sacrificial
layer to protect the flashing
containment.

Design the trough (FJH reactor)
to redirect the heat from the
trough materials.

The best scenario is to find
a material that withstands
the flashing temperature
and a trough design that
allows rapid cooling of the
trough after flash.

A backup plan is to find a
sacrificial layer material to
cover/protect the trough
material from the flash
heating cycle.

Feedstock selection is
limited to metallurgical coke
and anthracite coal.

Test the pre-treatment of
bituminous coal and other coal
feedstocks prior to FJH.

Test the co-flash of flashable and
unflashable feedstocks.

Pre-treatment increases
conductivity of the
feedstock and decreases
the volatile content.
Co-flash could remove the
need for pre-treatment.

Coal derived FG cannot be
readily dispersed in
solution. For now, chemical
assisted exfoliation is the
leading method for
dispersing coal derived FG.

Testing different exfoliation
methods such as liquid phase
exfoliation and different
methods of milling.

DoE to find the flashing
parameters or coal feedstock
that produces FG that is easier
to disperse.

Choose an exfoliation
method that effectively
exfoliates and disperses the
FG. The economics of the
method should be less than
$10/kg.

Choose a consistent
feedstock supply with
optimized flashing
parameters for the
exfoliation.

Many applications for coal
derived flash graphene (FG)
have been demonstrated.
The results need to be
elaborated to industrial
testing.

Work with partners or
customers with industrial
standards to repeat the
improvement results.

Select one leading
application for the first
graphene product.

Gap to reach TRL6 - Not yet
demonstrated effective
flashing of coal derived
feedstocks in an operational

Demonstration Plant is expected
to commence operations during
4Q2023. Once the plant and
process are stabilized
(~2Q2024), we will evaluate coal

Confirm coal derived
feedstocks can be
effectively converted to
graphene at the scale of
the Demo Plant (~1t/day).
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environment (e.g., Demo derived feedstocks in this
Plant). environment.
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