Subscriber access provided by CORNELL UNIVERSITY LIBRARY

Flash Graphene Morphologies

Michael G. Stanford, Ksenia V. Bets, Duy X. Luong, Paul A. Advincula, Weiyin Chen, John Tianci
Li, Zhe Wang, Emily A. McHugh, Wala A. Algozeeb, Boris |. Yakobson, and James M. Tour

ACS Nano, Just Accepted Manuscript « DOI: 10.1021/acsnano.0c05900 ¢ Publication Date (Web): 10 Sep 2020
Downloaded from pubs.acs.org on September 14, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 29

oNOYTULT D WN =

ACS Nano

Flash Graphene Morphologies
Michael G. Stanford,’ Ksenia V. Bets,” Duy X. Luong,’ Paul A. Advincula,’ Weiyin Chen,! John
Tianci Li," Zhe Wang,' Emily A. McHugh,' Wala A. Algozeeb,’ Boris I. Yakobson,"* 3" and
James M. Tour">3%*
!Department of Chemistry, ?Department of Materials Science and NanoEngineering, >Smalley-
Curl Institute and the NanoCarbon Center, and *Department of Computer Science, Rice
University, 6100 Main Street, Houston, Texas 77005, United States

biy@rice.edu; tour@rice.edu

Abstract Flash Joule heating (FJH) can convert almost any carbon-based precursor into bulk
quantities of graphene. This work explores the morphologies and properties of flash graphene
(FG) generated from carbon black. It is shown that FG is partially comprised of sheets of
turbostratic FG (tFG) that have a rotational mismatch between neighboring layers. The
remainder of the FG is wrinkled graphene sheets that resemble non-graphitizing carbon. To
generate high quality tFG sheets, a FJH duration of 30 — 100 ms is employed. Beyond 100 ms,
the turbostratic sheets have time to AB-stack and form bulk graphite. Atomistic simulations
reveal that generic thermal annealing yields predominantly wrinkled graphene which displays
minimal to no alignment of graphitic planes, as opposed to the high-quality tFG that might be
formed under the direct influence of current conducted through the material. The tFG was easily
exfoliated via shear, hence the FJH process has the potential for bulk production of tFG without

the need for pre-exfoliation using chemicals or high energy mechanical shear.

Keywords flash Joule heating, graphene, turbostratic graphene, graphene morphology, FJH
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Graphene is a 2-dimensional sheet of sp2-hybridized carbon.
12 Due to the stable carbon-carbon covalent bonding and sp?-hybridization, graphene exhibits
high carrier mobility,® thermal conductivity,* and mechanical strength, among other favorable
properties.’ Graphene is typically synthesized by chemically or mechanically intensive top-down
methods® or slow bottom-up methods.>” Top-down approaches often start with bulk graphite that
is subsequently exfoliated into sheets by mechanical, electrochemical, or chemical processes,
such as via the production of graphene oxide with subsequent reduction. Bottom-up graphene
growth is usually carried out by chemical vapor deposition (CVD), which is suitable for the
growth of single to few-layer graphene films. However, CVD growth typically results in small
quantities of graphene and is not a suitable method for bulk graphene production where a large
mass of graphene is desired.

Arc discharge® and pulsed wire discharge® have been demonstrated as electrical methods
to generate graphene or AB-stacked graphene nanoplatelets. However, these methods generate
graphene from exfoliation of bulk graphite, and not by a bottom up synthesis. Recently, bulk
quantities of flash graphene (FG) have been generated in a process by which virtually any carbon
source is converted to graphene using flash Joule heating (FJH).!° The FG is largely turbostratic,
which facilitates ease in exfoliation and dispersibility. The turbostratic FG (tFG) is significantly
mechanically, electronically and optically decoupled from neighboring sheets, resulting in
spectroscopic signatures similar to high-quality monolayer graphene. The high-power FJH
rapidly heats the carbon precursor and causes outgassing of non-carbon elements. Rapid cooling
prevents rotational registration of graphene sheets and promotes the formation of tFG sheets. In
this work, the production and morphology of FG are studied. The mechanism is explored by

which turbostratic sheets are assembled.
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Figure 1. General FJH characteristics. (a) Schematic setup for FJH of a carbon source to form
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la. The electrodes were connected to a capacitor bank with a total capacitance of 60 mF and
charged to a voltage of 120 V. A schematic of the flash Joule heating system can be found in
Figure S1. Controlled discharge of the capacitor banks through the CB results in FJH that rapidly
heats the CB to ~3000 K within tens of ms and then it cools to room temperature within
seconds.!® During the discharge time period, the CB is rapidly heated and graphitized to form
FG, as illustrated in Figure 1b. Figure 1c reports the current and voltage across the CB for a FJH
duration of 100 ms. Notably, a peak current of >400 A passes through the CB that results in a
rapid power dissipation of ~30 kW. This high-power dissipation is responsible for the rapid FJH.
During FJH, the CB forms planar crystals of tFG that are aligned in the direction of current and
resemble a charred log (Figure 1d). The CB starting material is predominantly comprised of
small particles that are largely amorphous carbon with small graphitic domains. After 100 ms of
FJH, sheets of tFG are dispersed throughout the sample along with small graphitized carbon

particles, thus resulting in the bulk bottom-up synthesis of graphene.
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Figure 2. Microscopic analysis of the FJH products. (a) TEM image of tFG sheets with
striations in the image denoting rotational mismatch. A portion of the red boxed region is further
studied in b. Scale bar is 5 nm. (b) FFT filtered image of the inset region in a revealing a moiré
pattern. Scale bar is 2 nm. (c) TEM image of tFG showing more striations indicating a rotational
mismatch. Scale bar is 5 nm. (d) TEM image of wrinkled graphene produced from the FJH
procedure. Scale bar is 200 nm. (¢) HR-TEM image of the wrinkled graphene. Scale bar is 10

nm.

High-resolution transmission electron microscopy (HR-TEM) was conducted to observe
the atomic structure of FG, and Figure 2a shows tFG sheets. A slight rotational mismatch
between sheets (denoted by the non-parallel inset white dotted lines), results in a moiré pattern

that manifests itself as striations in the image only where the mismatched sheets overlap. The
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rotational mismatch between these sheets is ~5.4°. The moiré pattern induced by the rotational
mismatch is more clearly shown in Figure 2b. Figure 2¢ shows similar striations in the image due
to a rational mismatch between neighboring sheets of graphene. The rotational mismatch is
further analyzed in an image in Figure S2. As depicted in Figure 1b, a FG sample is composed of
sheets of tFG as well as smaller particles of graphitic carbon. The HR-TEM images of the
smaller particles are shown in Figure 2d,e. This material is graphitic with many bends and
typically has a thickness of 3-8 layers.!? It resembles non-graphitizing carbon'!!'? and will be
referred to as wrinkled graphene in this work. TEM images of both forms of graphene reveal an
interatomic spacing of ~0.34 nm, which corresponds with turbostratic material and lack of AB-

stacking (Figure S3).
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Figure 3. FJH product morphologies and spectral characteristics. (a) Photographs of FG that
51 was passed through a 250 um sieve. Gray crystals are separated from a fine black powder. The
53 scale bar is 3 mm. (b) SEM image of the gray crystals showing delaminating sheets. Scale bar is

500 nm. (c) SEM image of the black powder that is comprised of nanoparticles. Scale bar is 300
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nm. (d) Representative Raman spectra for sheets and wrinkled structures. Expansion of the red
boxed region from the sheets (right) exhibit TS; and TS, peaks that are characteristic of
turbostratic layers and show a missing M band. (e) X-ray diffraction of sheets and wrinkled

structures. A shift in the peak position of (002) peak is exhibited for the wrinkled structures.

Upon synthesizing FG, the sample is comprised of gray crystals and a fine black powder,
as shown in Figure 3a, and the combined yield is ~85% by weight. The two components can
easily be separated by screen-sieving since the gray crystals coalesce into larger particles.
Additionally, separation techniques such as centrifugation may be applied to purify the products.
SEM imaging reveals that the gray crystals (Figure 3b) are extended networks of tFG sheets that
readily exfoliate and delaminate, whereas the fine black powder is the wrinkled graphene.
Representative Raman spectra of the tFG sheets and wrinkled graphene are shown in Figure 3d.
The wrinkled graphene is further characterized by a 2D/G ratio of ~1.1 and a large D peak,
presumably due to extensive curvature of the wrinkled graphene.'> The tFG sheets exhibit a
much larger 2D/G ratio with a minimal D peak. The tFG sheets also have distinct TS, and TS,
peaks confirming that the FG is indeed turbostratic. These peaks only arise due to rotational
mismatch between neighboring layers of graphene.!%!4 A more thorough analysis of the Raman
spectra with peak fitting is provided in the Figure S4 and S5. X-ray diffraction for each
morphology is shown in Figure 3e. An asymmetric (002) peak is exhibited along with a weak
(100) peak. These characteristics are typically exhibited in turbostratic graphene.!>16 The (002)
peak for tFG sheets is more pronounced than in the wrinkled graphene, which suggests a larger

crystallite size in the c-axis. This is evident by observing the SEM image in Figure 3b that
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reveals the crystals of tFG sheets may be many layers thick and on the order of microns. Figure

S6 shows cross-sectional SEM images of the tFG crystals.
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Figure 4. Modeling of flash graphene formation. (a) Structure of the amorphous carbon uséd

2
,

29 for a molecular dynamics simulation of high-temperature annealing; vertical graphitic walls can
31 be seen towards the front and back of the frame. (b) The temperature profile, (c) graphitization
level, and (d) Herman’s orientation function during the annealing. Visual comparison of (e,f) the
36 initial configuration at two different locations and (g,h) final configurations at the same two
38 different locations, showing a significant level of graphitization after annealing. Direction of
view is through the large front face in (a), graphitic walls are omitted. Interestingly, the fraction
43 of the sp?-hybridized carbon within the centroid particles changes significantly less compared to
45 amorphous material (c), indicating an increased annealing barrier for atoms within the
47 preexisting graphene-like structure. At the same time, the orientation function (d) shows no
significant re-orientation or alignment of graphitic structures despite the presence of walls. Scale

52 bars are 2 nm.
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The drastic difference in morphology of tFG and wrinkled graphene suggest non-uniform
formation conditions. Using molecular dynamics simulation with AIREBO potential (see SI for
details), we analyzed the process and results of the fast high-temperature annealing of CB
material as shown in Figure 4. The initial structure was designed to contain ~66% of centroid
particles characteristic for CB and ~34% of loose amorphous carbon and surrounded by graphitic
walls to emulate the presence of quartz walls during the FJH process (Figure 4a). After initial
pre-treatment at 1000 K for 5 ns, the material was exposed to heating and consequent annealing
at a constant temperature of 3500 K (Figure 4b) while graphitization (Figure 4c) and Herman’s
orientation function (Figure 4d) of the material was monitored. As expected, the graphitization
level, specifically the fraction of carbon atoms in the sp?-configuration, significantly increases
from ~60% to ~85% during the annealing process, with the most significant change occurring
during the initial heating period (Figure 4c inset). Interestingly, the material within centroid
particles appears to be significantly less mobile compared to the loose amorphous carbon
resulting in smaller graphitization increase due to slow annealing of defects trapped in graphene-
like centroid shells. At the same time, surrounding amorphous carbon does not have a rigid pre-
existing structure and undergoes rapid graphitization resulting in the formation of graphene-like
coating covering centroid particles (Figure 4e-h). Taking experimental observations as a guide,
we analyzed the alignment of graphitic domains within the structure during annealing using
Herman’s orientation function 6, commonly used in polymer science. Computed as 6 = (3

(cos? a) —1)/2, where a is an angle between the normal to the local direction of the graphitic

plane and the characteristic direction chosen to be horizontal (see SI for details and Figure S7),
the orientation function is expected to be equal to 1, -0.5 and 0 for domains aligned with

graphitic walls, perpendicular to the walls and randomly oriented, respectively. No significant

10
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change of alignment is observed during the annealing process (Figure 4d), mainly preserving the
value dictated by the initial configuration. Even prolonged thermal annealing at high
temperatures (125 ns, 3500 K) does not show a structural change characteristic for the formation
of tFG by FJH; only wrinkled graphene is observed (Figure 3c and Figure 4h). From these
observations, we can conclude that wrinkled graphene forms at the areas of material undergoing
simple thermal annealing. At the same time, the current and its directionality might guide
formation of tFG.

Based on thermal simulations and experimental observations, we are able to speculate on
the formation of the two distinct FG morphologies. The difference arises from the preexisting
morphology of CB containing characteristic centroid particles (composed of concentric graphitic
shells) and surrounding amorphous carbon that does not display any overarching morphology
(Figure 4e,f). At the voltage application, the current would be conducted following the path of
lowest resistance, thereby supplying the largest amount of heat to the conducting areas. The
material on and surrounding the conduction path would experience significant annealing and
graphitization, progressively increasing the conductance. Nearby localized defects and less
conductive domains would continue being heated and thereby annealed out due to increased
scattering leading to the elimination of defects. The material as a whole would undergo
transformation leading to the formation of more conductive channels of tFG sheets. This
formation is likely facilitated through highly mobile amorphous carbon. Conversely, centroid
particles cannot facilitate current conductance. As a result, material composing the centroid
particles would undergo only slow thermal defect annealing. This distinction is akin to the
morphology-based non-graphitizing nature of the glassy carbons proposed in the literature.!”!3

Being enclosed in a continuous sp?-carbon network within each centroid shell, atoms remain in a

11
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locally favorable configuration and show very low mobility. A global structural transformation
associated with a significant energy barrier is necessary to convert such a network into a sheet
form. Additionally, the amorphous carbon outside of the conductance path is likely to adhere to
the centroid particles and go through a limited graphitization, similar to that observed in thermal
simulations (Figure 4). As a result, material outside of the conductance path, including both
centroid particles and amorphous carbon, forms wrinkled graphene.

These conjectures are consistent with experimental observations of the high percentage of
tGH sheets resulting from flashing carbon sources containing a large amount of amorphous
carbon (i.e. coffee grounds).!® At the same time previously processed and filtered wrinkled
graphene shows minimal conversion to tFG sheets during repeated subjection to FJH (Figure S8)
suggesting strong correlation between the amount of the amorphous carbon in the initial material

and the fraction of carbon source converted to tFG sheets.
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Figure 5. Effect of flash time duration on graphene morphology. (a) Estimated composition
of a batch of FG as a function of FJH flash duration. (b) Representative Raman spectra at various
flash durations for (b) tFG sheets and (c) wrinkled graphene. Analysis of Raman spectra
reporting the (d) 2D/G intensity ratio, (¢) 2D peak position, and (f) 2D FWHM. The error bars

represents the standard deviation where N = 10.

By controlling the flash duration through electrical pulse cessation during which FG is
generated, the composition and morphology of FG can be tuned. Using an image analysis
technique and Raman spectra (Figure S9), the amount of tFG sheets and wrinkled graphene is
estimated as a function of the flash duration in Figure 5a. At t = 0 ms, the entire batch of material
is amorphous carbon. Upon FJH, tFG sheets and wrinkled graphene are produced. The amount of
tFG sheets increases relative to wrinkled graphene until ~200 ms of pulse is applied. Beyond 200
ms, the composition of tFG sheets remains unchanged. Figure 5b,c show representative Raman
spectra for the tFG sheets and wrinkled graphene. Complementary SEM images of the material
are reported in Figures S10 and S11. Notably, tFG sheets exhibit much narrower peak full-width
at half maximum (FWHM) and more pronounced 2D peaks. Analysis of the Raman spectra for
FG morphologies is reported in Figures 5d,f. The 2D/G ratio gives a reflection of graphene
quality, and generally higher 2D/G ratio is exhibited by high quality graphene with low defect
concentration. For the wrinkled graphene, the 2D/G ratio increases with flash duration and
largely saturates beyond 100 ms once full graphitization has occurred. For the tFG sheets, the
average 2D/G ratio is ~1.8 to 2.0 up to 100 ms; however, the 2D/G ratio decreases to ~0.4 with a
flash duration of 200 ms and beyond. These results indicate that rotationally decoupled tFG is

formed during short flash durations (30 to 100 ms). When prolonged FJH is supplied (200 ms),

13
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the tFG sheets begin to AB-stack toward a graphite morphology, as confirmed by the reduction
in 2D/G ratio and the increase in 2D FWHM. Figure 5e shows the position of the 2D peak. Once
the tFG sheets begin to form and planarize, the 2D peak shifts from ~2683 cm! to 2701 cm!.
Figure 5f reports the FWHM of the 2D peak for the tFG sheets and wrinkled graphene. Between
30 to 100 ms pulse duration, the tFG sheets exhibit a narrow FWHM averaged ~23 cm™! that can
be fitted with a single Lorentzian. This optically decoupled behavior is similar to the FWHM of a
single layer of graphene. Therefore, modulation of the FJH conditions yield differing
compositions according to the desired product. Additional images and Raman spectra of tFG
sheets, wrinkled graphene, and other morphologies formed can be found in Figures S12 — S18.
Some regions from a batch of FG formed densely packed graphite polyhedral crystals (GPCs).
Figure S15 shows that the GPCs form faceted rods. The Raman spectra typically displayed a
2D/G ratio of ~1.0. Figure S16 shows more images of various GPC morphologies ranging from

cones to high aspect-ratio rods.

14
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and eventually form a continuous graphitic shell. All scale bars are 300 nm. (b) Schematic
41 proposed mechanism for the formation of FG on the surface of graphitic crystals. Mobile carbon
43 is shown as small circles. (¢) SEM image of gray tFG crystal that was mechanically sheared,
45 showing facile delamination of the bulk material. Scale bar is 500 nm. (d) Large area exfoliation
of tFG upon transfer to an Au substrate (sheet edges were outlined for SEM image contrast).

50 Scale bars is 1 um. (¢) Representative Raman of exfoliated FG.
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Figure 6 shows SEM images taken from various regions of tFG that show the progression
of tFG formation. These images were collected along the surface of a single crystal of tFG,
which was presumably exposed to a temperature gradient. In the image (1) seeds of faceted
spherical particles can be seen nucleating in a bed of carbon. These seeds grow and merge in
images (2) — (4). Eventually, layers of faceted tFG sheets form on the top of merged seeds (5).
These regions generally exhibit the spectroscopic signatures of turbostratic graphene with Raman
2D/G ratios reaching >15 (Figure S13). With sufficient heating time, the FG sheets merge and
begin to AB stack and form more continuous graphite (6). Figure S19 shows the effect of power
dissipation during flashing on the nucleation and growth of tFG. A sharp increase in the
resistance of the carbon source after ~15 ms of flash duration suggests that the material becomes
discontinuous potentially due to mobile carbon generation or gas evolution. The mobile carbon
may originate from high resistance junctions between neighboring carbon particles parallel to the
path of current. Previous work has shown that sublimed carbon will form turbostratic particles
similar to those seen in Figure 6a.!° Figure 6b shows a proposed mechanism for tFG formation.
The carbon source for the formation of tFG is likely mobile carbon from a bed of CB. As mobile
carbon is generated, faceted nanoparticles begin to nucleate. These nanoparticles will merge and
eventually faceted sheets of tFG form along the top of the nucleated particles, as shown in Figure
6a(5).

Due to the increased interplanar spacing of tFG sheets, there are weaker van der Waals
interactions between neighboring layers leading to more facile exfoliation. Figure 6¢ shows bulk
crystals of tFG that were subject to shear. The crystals of tFG sheets readily delaminate due to
the weak interlayer interactions. This material was exfoliated by mechanical shear between a Si

wafer and Au substrate for SEM imaging clarity. Figure 6d shows that the tFG sheets are easily

16
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transferred to the Au substrate. The dotted lines in Figure 6d indicate a common edge on the
graphene sheets that show these sheets were all exfoliated from the same crystal of tFG. A
Raman spectrum of the exfoliated graphene is reported in Figure 6e and reveals the presence of
high-quality graphene. The high D-peak is likely induced from damage to the sheet from the
exfoliation process and the non-flat Au surface. The tFG can be easily exfoliated by mechanical
shear (Figures S20 — S24), as well as by dispersion in solutions (Figure S25).

Several other works have subjected carbon sources to Joule heating, arc discharge, or
thermal shock.?%2122.23 However, their studies report a different morphology of the resultant
material. The tFG morphology exhibited in this work may arise due to the following
mechanisms: (1) flashing carbon sources with a high degree of amorphous carbon, such as CB,
provides mobile carbon atoms that reform into tFG when subjected to rapid heating and cooling.
This is in stark contrast to works with fully graphitized starting materials.?!>3 (2) We are
achieving very high temperatures (~3000 K) that facilitate graphitization over the span of

milliseconds. This rapid heating and cooling can prevent AB-stacking and graphite formation.

Conclusion

This work shows that FG is comprised of turbostratic sheets of graphene (tFG) as well as
wrinkled graphene as confirmed by high resolution TEM. Spectroscopically, the turbostratic
sheets behave optically as monolayer graphene with high 2D/G peak ratios and narrow FWHM.
The duration of FJH influences the composition of the FG and controls the ratio of tFG sheets to
wrinkled graphene. Atomistic simulations reveal that thermal annealing alone would produce
predominantly wrinkled graphene, with minimal alignment of graphitic planes, while high-

quality tFG formation might be attributed to the direct influence of current conducted through the

17
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material. Extended FJH (>200 ms) causes the material to AB-stack moving toward a graphite
morphology. Therefore, in order to generate high quality tFG, the flash duration should be
maintained at ~30 to 100 ms. The tFG can easily be exfoliated under shear, thus providing a

method to generate bulk quantities of graphene.

Methods/Experimental

The FJH system connects a capacitor bank across a sample in order to rapidly discharge
electrical energy into the sample. A schematic of the system is shown in Figure S1. The capacitor
bank has a total capacitance of 60 mF. Discharging the capacitor banks through the carbon-rich
samples results in resistive heating and rapidly increases the temperature of the sample. An
IGBT was used to control the time duration of discharge (flash duration) through the sample.
This enabled control of flash duration on the millisecond time scale. Additional details and safety
information on the FJH system can be found in a prior publication, and it is imperative that
these safety recommendations be followed to mitigate accidental electrocution.'®

Evidence of turbostratic structure

Fast-Fourier transform (FFT) of HR-TEM images reveals Bragg spots with rotational mismatch
in Figure S2. Each set of 6 Bragg spots represents a single layer of FG and is indicated by the
inset yellow hexagons. This region was composed of 5 sets of turbostratic FG (tFG) with
rotational mismatch. Figure S3 shows HR-TEM images of tFG particles. These particles are
faceted hexagonal crystals that are composed of concentric layers of graphitic carbon. The
interlayer spacing was 3.4 A, which corresponds with turbostratic graphene.

Fitted Raman spectra
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Figure S4 reports analyzed Raman spectra for tFG sheets. The TS1 and TS2 peaks confirm that
the material is turbostratic. The FWHM and peak positions are inset in the image. Importantly,
the G/TS ratio is only ~55, indicating the TS1 and TS2 peaks are very pronounced. The 2D peak
is centered at 2700 cm™!' and can be fit with a single Lorentzian peak. The FWHM is 16.4 cm™'.
Figure S5 reports the analyzed Raman spectra for the wrinkled graphene morphology. The TS1
and TS2 peaks are absent. The high curvature of this material may quench this peak since XRD
suggests that the material is indeed turbostratic as well. The 2D peak is centered at 2695 cm™! and
is composed of multiple Lorentzian peaks and the FWHM is ~60 cm™!.

tFG crystals

When forming tFG, gray tFG crystals typically form across a bed of carbon. These crystals
contain many layers of tFG that are not yet exfoliated. Figure S6 shows SEM images of a crystal
that was cross-sectioned with a Ga* beam. The tFG layers extend for 10’s of microns. Beneath
these layers exist more tFG sheets (Figure S6d), which suggests large quantities of the material is
converted to tFG sheets.

Atomistic simulations

Initial structure preparation. Each of the characteristic CB centroid particles was constructed
from individual graphitic flakes of arbitrary shape approximately 8-12 A in diameter (Figure
S7a) that are randomly positioned on concentric spherical surfaces following by random rotation
and tilt (Figure S7b). Those spherical shells are combined into a centroid particle (Figure S7c),
and additional individual carbon atoms are randomly positioned within the interaction range
(Figure S7d). We combined eight centroid particles of various sizes (a slight deformation applied
to some particles) into a large configuration adding graphitic walls and individual randomly

positioned carbon atoms constituting approximately 30% of the whole structure (Figure S7e).
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The final configuration contained 85000 atoms. The size of the periodic cell was chosen to
provide at least 15 A of vacuum between graphitic walls.

Atomistic simulations were performed using AIREBO potential for a balance between
computational cost and accuracy. Initial structure first underwent geometric optimization (some
shrinkage in horizontal direction allowed for necessary change in atomic configuration) and then
was subjected to preliminary annealing at 1000 K for 5 x 107 s to eliminate irregularities caused
by the structure creation protocol.

Finally, the system was heated to the target annealing temperature with a heating speed of
0.5 x 10712 K s7! using a Nose—Hoover thermostat (canonical NVT ensemble) with a temperature
damping parameter of 0.025 x 107'> s. The structures were held at the target annealing
temperatures for ~125 x 1079 s (see temperature profile shown in Figure 4b).

Structural characteristics were collected every 10 steps of the molecular dynamics
simulation. Graphitization fraction was calculated as a ratio between carbon atoms in sp?
configuration over the total number of atoms (graphitic walls were excluded from the
characterization) — Figure 4c. Additionally, graphitization fraction was calculated separately for
atoms within centroid particles (Figure S7d), and the individual atoms randomly positioned
around centroids (can be seen in Figure S7e). Herman’s orientation function 8 was employed to
quantify alignment within the structure. Computed as 8 = (3(cos? a) —1)/2, where o is an angle
between the local direction of the graphitic plane and the characteristic direction. The local
direction was calculated for plane formed by each sp? carbon atom and each combination of two
of its neighbors and averaged. Generally, complete alignment with the characteristic direction
would result in (f) = 1, while alignment with the direction perpendicular to the characteristic

direction should have (8) = — 0.5. To account for alignment to the plane of the graphitic walls,
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we chose a characteristic direction to be perpendicular to it (horizontal). Interestingly we did not
observe a significant change in the alignment of the local graphitic directions nor did they
become parallel to the graphitic walls nor otherwise indicating that thermal annealing alone can
not be a cause of the structural directionality observed in the experiments.

Flashing highly graphitized carbon source

Based on the theoretical thermal simulations and experimental observations, we conclude that
the morphology of the final product, namely the existence of tFG and wrinkled graphene, is
conditional on the initial morphology of the unflashed material. Specifically, the presence of
large amounts of amorphous carbon without the distinct overarching morphology is essential for
the formation of tFG, owing to the high mobility of atoms. At the same time, centroid particles
display low mobility of atoms and lead to the formation of the wrinkled graphene, largely
maintaining its concentric shell morphology. To test this hypothesis, FG batches were generated
from two carbon sources with varying amounts of amorphous carbon: (1) raw CB, and (2)
previously flashed wrinkled graphene. The method by which the wrinkled graphene was treated
is summarized in Figure S8a. Specifically, a batch of FG was generated by flashing for 200 ms at
120 V. The FG was then passed through a sieve with a mesh size of 150 um. This separated the
small wrinkled graphene particles from the large crystals of tFG. Figure S8b shows FG generated
from flashing (left) raw CB and (right) wrinkled graphene starting materials. Notably, the FG
from raw CB, which contains a much higher percentage of amorphous carbon, has more large
gray crystals of tFG. The FG from the wrinkled graphene carbon does not form large area tFG
crystals upon reflashing. This is further supported by the representative Raman spectra of the
reflashed wrinkled graphene. It is characterized by a 2D/G ratio of slighter greater than 1.0 and

characteristics similar to the wrinkled graphene starting material. Therefore, it is probable that
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mobile amorphous carbon is vital to form planarized tFG, and the percentage of tFG sheets
formed will depend greatly on the carbon starting material.

Effect of FJH flash duration

Figure S9 shows image analysis used to estimate the composition of tFG sheets and wrinkled
graphene. The tFG sheets appear as gray crystals, whereas the wrinkled graphene structure
appears black. Image thresholds were applied to determine the amount of gray and black material
and the area of each species was used as an approximation of the composition of a batch of FG.

Figure S10 reports SEM images and representative Raman spectra for tFG sheets (gray
crystals). Short pulses (10 ms) do not result in the widespread formation of tFG sheets. A
percolating network of tFG is shown to form from 30-50 ms, and the Raman spectra exhibits a
high 2D/G ratio indicative of tFG. Extended FJH duration (200 ms) results in the formation of a
continuous layer that exhibits Raman spectra consistent with graphite. Therefore, long FJH
duration gives sufficient time for AB stacking and should be avoided if the intention is to form
tFG.

Figure S11 shows SEM images and Raman spectra of the wrinkled graphene morphology
(black powder) from a batch of FG. The morphology does not substantially change with various
FJH flash durations; however, Raman spectra reveal that the material becomes more graphitic
with increasing flash duration. This is suggested by the pronounced 2D peak and the reduction of
the D peak. The residual presence of the D peak is likely due to bending of the wrinkled
graphene sheets.

SEM images and Raman spectra of tFG sheets
Figure S12 shows SEM images of tFG sheets. This material is characterized by a faceted surface

and a visible layered structure.

22

ACS Paragon Plus Environment

Page 22 of 29



Page 23 of 29

oNOYTULT D WN =

ACS Nano

Figure S13 reports SEM images and Raman spectral mapping of tFG. Turbostratic
crystals have pits that may indicate that the carbon source for crystallization originated from the
bed of carbon particles on top of which that material crystallizes (Figure S13a). Smooth stacks of
turbostratic material have high 2D/G ratio in the Raman map (Figure S13b). 2D/G ratios as high
as 15.3 were observed, which is among one the largest values recorded in the literature.!

Some regions of tFG exhibited a morphology that was readily exfoliating as shown in
Figure S14a. These regions have a representative 2D/G ratio of ~1.3, with regions having as high
a ratio as 4.69. The small D-peak suggests that this material is high-quality graphene that was
readily exfoliating and only loosely bound.

Some regions from a batch of FG formed densely packed graphite polyhedral crystals
(GPCs). Figure S15 shows that the GPCs form faceted rods. The Raman spectra typically
displayed a 2D/G ratio of ~1.0. Figure S16 shows more images of various GPC morphologies
ranging from cones to high aspect-ratio rods. The GPC content is estimated by SEM imaging to

be ~1 wt% of the total batch of FG.

Raman spectra of specific regions

In order to collect Raman spectra of specific morphologies, Si chips were patterned with
alignment markers. This enabled single particles of FG to be found in a Raman microscope.
Figure S17 shows SEM images and the corresponding Raman spectra. This confirms that the
crystal shown in the SEM image is composed of tFG sheets with high 2D/G ratio (~8). Figure
S18 reports an optical image, SEM image, and Raman spectra from a particle of wrinkled
graphene. This material exhibits a 2D/G ratio of ~1 with a sizable D peak.

Mechanism of Formation
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Figure S19a reports the typical power dissipation vs time curve for a batch of FG which was
flashed for 200 ms. A spike in power dissipation occurs after ~15 ms. The morphology of FG
produced at various flash durations was observed and compared to this power dissipation plot in
Figure 5a to in order to propose a mechanism for FG formation. Figure S19b shows the typical
morphology after a 10 ms flash. This material does not experience the peak power dissipation
and therefore does not achieve the maximum temperature (~3000 K).! Raman spectra reveal
incomplete graphitization of the starting material. At the peak power dissipation (~15 ms), we
propose that the junction between neighboring carbon particles rapidly heats due to high
interfacial resistance. This then causes the interfacial carbon to sublime, increasing the total
resistance of the carbon particles, and reducing current and power dissipation at longer flash
durations. Once carbon begins to sublime, the evidence suggests that faceted crystals of tFG
form by 30 ms (Figure S19¢) and these crystals nucleate to a percolating layer of tFG sheets by
50 ms (Figure S19d). Flashing the material for 200 ms (Figure S19¢) results in the formation of a
continuous graphitic film, for which Raman spectra reveals that AB-stacking occurs, an
indication that the material is no longer turbostratic. Previous work has shown that sublimed
carbon will form turbostratic particles similar to those seen in Figure S19¢.!° Additionally, the
point of peak power dissipation must be achieved in order to find the gray crystals of tFG sheets
in the batch of FG. This suggests that it is critical to drive carbon sublimation in order for the
tFG sheets to form.

Exfoliated tFG sheets

Crystals of tFG were placed on a gold substrate and subjected to shear force. This resulted in the
widespread exfoliation of the material as shown in the SEM images in Figure S20. Figure S21

shows a region on a tFG crystal that was exposed to shear force. The material is readily
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exfoliated and wrinkles. The weak adhesion can be attributed to the turbostratic nature of the
material. Figure S22 shows tFG and wrinkled graphene that was exfoliated on a Si surface.
Figure S23 reports SEM images and an AFM scan taken from the same region. The thickness of
the tFG is less than the surface roughness of the Au substrate and suggests monolayer or few-
layer exfoliation. Raman spectra of the exfoliated tFG (Figure S24) shows a 2D/G ratio
indicative of high-quality graphene and the presence of a TS1 and TS2 peak suggests that it is
multilayer and turbostratic. The tFG can also be dispersed into a solvent such as oleum for

exfoliation. Drop cast sheets of tFG can be seen in Figure S25.

Supporting Information including schematic of the FJH setup, TEM and SEM images, Raman
spectra, digital images and illustrations from atomistic simulations (PDF). This is available

online via the Internet at http://pubs.acs.org.
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