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ABSTRACT: As graphene penetrates into industries, it is
essential to mass produce high quality graphene sheets. New
discoveries face formidable challenges in the marketplace due to
the lack of proficient protocols to produce graphene on a
commercial scale while maintaining its quality. Here, we present
a conspicuous protocol for ultrafast exfoliation of graphite into
high quality graphene on the sub-kilogram scale without the use
of any intercalants, chemicals, or solvent. We show that graphite
can be exfoliated using a plasma spray technique with high
single-layer selectivity (~85%) at a very high production rate
(48 g/h). This is possible because of the inherent characteristics ~ Shroud (Argon)

of the protocol which provides sudden thermal shock followed

by two-stage shear. The exfoliated graphene shows almost no basal defect (I3/I;: 0) and possesses high quality (C/O ratio:
21.2, sp> %: ~95%), an indication of negligible structural deterioration. The results were reproducible indicating the adeptness
of the protocol. We provided several proofs-of-concept of plasma spray exfoliated graphene to demonstrate its utility in
applications such as mechanical reinforcements; frictionless, transparent conductive coatings; and energy storage devices.

Graphite Exfoliation Graphene
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g s new protocols for graphene production emerge every 10).">"*'* Despite efforts to minimize their defect concen-

day, the simultaneous fulfillment of four essential tration and subsequently increase carbon content, rGO is still

factors, ie, (1) high quality, (2) narrow layer considered a nonfeasible alternative to graphene. Electro-
distribution, (3) fast and reproducible technique, and (4) chemical exfoliation, on the other hand, is a scalable approach
high throughput, has been far from satisfactory.l_s Graphene to produce few-layer graphene (1—S5 layers) with hi§h yield
researchers face an uphill task of producing quality graphene (85%) with potential scale-up opportunities.””” ° This
on a large scale, key to bridging the gap between laboratory technique, however, produces graphene with C/O rati(i ?sf
protocols and commercial applications. Nevertheless, consid- $—17 suggesting a trade-off between quantity and quality."”
erable achievements have been made so far in the graphene Mechanical exfoliation of graphite using a simple Scotch tap{g
realm, taking note of its future aspect. The bottom-up has provided the highest quality graphene in the past.

However, the fraction of single-layer graphene is negligible,
and microscopic analysis is needed to separate them from
graphite flakes, making it feasible only for laboratory tests. In
this regard, shear exfoliation using liquid (liquid phase

approach, chemical vapor deposition (CVD) or epitaxial
growth, offers a large area (up to 7.5 m?) of high quality
graphene, crucial for advanced electronics.’”'? Although recent

contributions have tremendously reduced its cost of
production, this still remains expensive due to multistep exfoliation) or ball milling has established itself as an

processes and lacks bulk production protocols, further limiting inexpensive and verszaot_ﬂzea technique to exfoliate untreated
its niche of application. >’ graphite to graphene. Although these protocols produce

Thanks to cheap and abundant graphite sources, graphite graphene with reduced defects (Ip/Ig &~ 0.25 or less) and high

can be exfoliated to graphene (top-down) on a large scale. The
oxidation of graphite using strong acids or oxidants to form Received: November 11, 2020
graphite oxide (GO) has proven to be a scalable precursor for Accepted:  January 13, 2021
reduced graphene oxide (rGO) with exfoliation yield close to Published: January 15, 2021
100%."°~"* However, reduced graphene oxide contains high

defects (In/Ig > 1) and low carbon content (60—80%) and

possesses unimpressive carbon—oxygen ratio (C/O =
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Figure 1. (a) Digital image of plasma spray exfoliated graphene. Each bottle contains 4 g of exfoliated graphene. (b) Dispersion of exfoliated
graphene in organic solvents N-methylpyrrolidone (NMP) and (c) dimethylformamide (DMF) (concentration: 5 mg/mL). (d,e) X-ray
diffraction (XRD) and Raman spectra of exfoliated graphene and graphite after plasma spraying. (f) Scanning electron microscopy (SEM) of
exfoliated graphene drop-cast over a holey carbon grid. (Concentration: ~1 ug/mL in ethanol). (g) Nitrogen adsorption/desorption

isotherm of exfoliated graphene; pore size distribution (inset).

C/O ratio (>20) compared to rGO and electrochemical
exfoliated graphene, the long-term agitation results in
unavoidable structural defects, which should be, in practice,
free from defects.” Additionally, regardless of the high
exfoliation efficiency (>90%), the statistical nature of
exfoliation yields very low amount of single layer graphene
(up to 5%).°*"** Hence, realistically, even after 15 years of
progress in graphene technology, a well-suited exfoliation
method fulfilling all four requirements simultaneously is still
missing.

Alternatively, graphene precursors exposed to high temper-
ature (up to 4000 K) for milliseconds produces highly
crystalline graphene with low defect concentration.”” In the
past, synthesis of graphene has been explored at high
temperature either by (1) thermal shock of intercalated or
expanded graphite® or by (2) gas-phase pyrolysis of
alcohols.”” Although the former offers a high production
rate, the graphene contains high topological defects due to the
rapid decomposition of functional groups. On the other hand,
gas-phase synthesis, although promising, produces multilayer
graphene with a high amount of amorphous carbon at a very
low rate (~0.12 g/h).”” A thorough review of past literature
reveals that, although graphene synthesis at high temperature
started back during 2003, the process could not establish itself
due to stand-offs in all five factors. An overview of high-
temperature-assisted graphene synthesis, a timeline of break-
throughs, and its limitations has been discussed thoroughly in
the Supporting Information S1.

Herein, we demonstrate an ultrafast and scalable strategy to
directly exfoliate graphite into high quality graphene with high

selectivity toward single layer without the use of any

intercalants, chemicals, or solvent. Exfoliation of graphite was
accomplished using a DC plasma spray setup integrated with a
custom-designed inert atmosphere shroud. The DC plasma
spray system, inert atmosphere shroud, and in-flight particle
diagnostic sensor are detailed in Supporting Information S2a,b.
It is anticipated that all inherent features of this technique, i.e.,
high quenching rate (~10° K/s), extremely low particle
residence time (in us), and dense eddies in turbulent region,
could help in exfoliation of graphite into graphene. We
achieved graphene with high single-layer selectivity (~85%),
basal defect free (I/I = 0), and high purity (C/O ratio: 21.2;
sp® % = 95%) with very high production rate of 48 g/h on the
laboratory scale. Furthermore, the exfoliated graphene
performs well in applications that require high quality
graphene in large quantities. Our single-layer graphene showed
high Young’s modulus (850 GPa) and fine electrical
conductivity under different bias voltage. The sheet resistance
of the exfoliated graphene film was as low as 30 €/sq. In
addition, the exfoliated graphene also demonstrated high
specific capacitance value (375 F/g) and very low friction
coefficient (COF = 0.03). In this study, we transformed a
traditionally reserved technology for fabricating protective
coatings into a protocol for ultrafast exfoliation of graphite to
high quality graphene, which we believe could be a game-
changer in this field.

RESULTS AND DISCUSSION

The graphite (detailed in Supporting Information S3) was
directly introduced into the plasma plume without any
pretreatment. We conducted multiple numbers of experiments
with varying parameters (plasma power and primary gas flow

https://dx.doi.org/10.1021/acsnano.0c09451
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Figure 2. (a,b) Transmission electron microscopy (TEM) image of single-layer graphene. (c) High magnification image from edge of the
single-layer graphene. (d) Butterworth filtered image of section of part c. (e) Selected area electron diffraction (SAED) pattern of the single-
layer graphene. (f,g) TEM of a bilayer graphene. (h) Edges of the bilayer graphene show two graphene layers. (i) Filtered image of part h. (j)
SAED pattern. (k1) TEM of trilayer graphene. (m) Edges of the trilayer graphene. (n) Filtered image of part m. (o) SAED pattern. (p)
Atomic force microscope of graphene. (q) Height profile along the dotted green line in part p. (r) Thickness and (s) length histogram of 400
selected arbitrary graphene flakes obtained using AFM. (t) Low magnification SEM image of the exfoliated graphene (drop-cast graphene

over Si wafer).

rate) to get an idea about the parameter dependency on the
exfoliation efficiency. The strategy behind choosing the process
parameters has been discussed in Supporting Information S4.
The plasma exposed graphite was collected and introduced to
mild centrifugation (1000 rpm; 1 h) in deionized water to
remove unexfoliated large agglomerates. After initial inspection
using X-ray diffraction and Raman spectroscopy, we narrowed
down to one parameter (plasma power (P): 40 kW, gas flow
rate (G): 120 SCFH) which we presume is the best of the lot
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for exfoliated graphite (details about achieving the best
parameter is included in Supporting Information SS—S8).
Figure 1a shows the digital image of the exfoliated graphene.
A total of 20 g of exfoliated graphene was obtained after ~25
min of plasma spraying, indicating scale-up potential. The
exfoliated graphene remained dispersed in organic solvents
(NMP and DMF) for 48 h without any surfactant stabilization
(Figure 1b,c).The exfoliated graphene displays reduced X-ray
diffraction (002) peak intensity at 20 = 26.5°(Figure 1d)

https://dx.doi.org/10.1021/acsnano.0c09451
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Figure 3. (a) Raman spectra, 2D band structure for single-layer, bilayer, trilayer graphene, and graphite. Raman map of a graphene flake
generated from the intensity of (b) G and (c) D bands. Raman spectra collected from (d) mid and (e) edge of the flake using an in situ
AFM—Raman. (f) X-ray photoelectron spectroscopy (XPS) survey of graphene. For comparison, XPS survey of graphite has also been
included. Since XPS is surface sensitive, the samples were cleaned in RF plasma to avoid deposition of adventitious carbon. (g) Core-level
carbon 1s XPS spectra of graphene. (h) Comparison of sp* and C content for GO, rGO, electrochemically exfoliated graphene (EcG), liquid-
phase exfoliated graphene (LPEG), chemical vapor grown graphene (CVD), and graphite (including HOPG) with our exfoliated graphene.
The values for GO, rGO, EcG, LPEG, and CVD are gathered from the literature.

suggesting high efficacy of graphite exfoliation.”® Raman

spectroscopy analysis (Figure le) shows a symmetric 2D
band for the exfoliated graphene and confirms few-layer
graphene which is clearly distinguishable from the graphite.””
Shown in Figure 1f is the scanning electron microscopy (SEM)
image of the exfoliated graphene. In comparison to the starting
graphite (Supporting Information S3d,e), the exfoliated
graphene flakes (more images in Supporting Information S9)
are visually transparent indicating successful exfoliation of
graphite to graphene. We also note that the lateral dimensions
of these flakes are relatively large (1—3 ym), similar to the
flakes obtained from LPE or milling using graphite of similar
dimensions.”””” The size of graphene flakes was also verified
by dynamic light scattering (Supporting Information $10). We
also found a substantial increase in the surface area of our
exfoliated graphite (780 m*/g) (Figure 1g), comparable to the
literature values (600—900 m?/g) of few-layer graphene.’® The
pore size is ~S nm for the exfoliated graphene (inset in Figure
1g).

gWe further analyzed individual graphene flakes using high
resolution transmission electron microscope (HR-TEM).
Figure 2a,tk shows low-magnification basal images of
individual graphene sheets, while Figure 2b,gl is their
corresponding magnified images. The edges of the flakes
provide visual identification of layer numbers of the exfoliated
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graphene. A bright edge without a noticeable dark line as
shown in Figure 2c is the characteristics of single layer
graphene.”® Alternatively, 2 and 3 dark fringes (Figure 2h,m)
provide evidence of bilayer and trilayer graphene. Atomic
resolution inverse Fourier images shows a perfect hexagonal
pattern for the single layer graphene (Figure 2d) and
overlapped patterns indicative of bi- and trilayer graphene
(Figure 2in), respectively.31 In addition, the selected area
electron diffraction (SAED) collected from respective surfaces
displayed distinct hexagonal pattern without any halo (Figure.
2e,j,0) suggests a highly crystalline nature of the graphene.””*®
A line passing through the (1210)—(0110)—(1010)—(2110)
axis also provides evidence of the layers of graphene.”””® While
intense (0110) and (1010) peaks compared to (1210) and
(2110) peaks indicate single layer, intense (1210) and (2110)
peaks compared to (0110) and (1010) peaks indicate more
than one layer.”” More images of graphene flakes along with
their FFT and SAED patterns are provided as Supporting
Information images (Figures S11,12).

It is worth mentioning here that throughout the TEM
observation, we rarely came across any flake with thickness
more than a few layers. To back this claim, we carried out
extensive thickness identification using atomic force micros-
copy. We measured over 450 flakes to identify the layer
thickness of our exfoliated graphene. Figure 2p—s shows AFM

https://dx.doi.org/10.1021/acsnano.0c09451
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Figure 4. (a) Plot of plasma power vs in-flight temperature and (b) primary gas flow rate vs in-flight velocity showing linear trend for all sets
of gas flow rate and plasma power. (c) Schematic representation of the exfoliation mechanism of graphite. (d) Magnified view of the laminar
region of a plasma plume of part c. (e) Magnified verison of the turbulent region.

image of graphene (more images in Supporting Information trilayers (Figure 2r). Thus, we believe that in our samples, the
S13) with their corresponding height profiles as well as flake graphite has been extensively exfoliated to single-layer to few-
thickness and size histogram. Similar to our TEM observations, layer graphene (<3 layers). The flake size histogram indicates
almost all the measured flakes were less than 2 nm thick, with the length of 1-3 um (Figure 2s), also in agreement with the
the majority of flakes below 1 nm thick providing unambiguous low magnification SEM image showing many flakes (Figure
evidence of single layer to few layer graphene. Reports describe 2t).
that the thickness of a single-layer graphene measured by AFM The structural integrity of the exfoliated graphene was
typically ranges between 0.6 and 1 nm.>®3 A thickness evaluated using Raman spectroscopy. We collected Raman
histogram of over 400 arbitrary flakes presented higher spectra from what we believe are single-layer, bilayer, and
selectivity toward single-layer graphene (85%), with 15% bi— trilayer graphene (Figure 3a). One key feature that
1779 https://dx.doi.org/10.1021/acsnano.0c09451
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distinguishes the number of layers in graphene is the shape,
size, and intensity of 2D peak. As an example, a single-layer
graphene displays a sharp and symmetric 2D peak, while
multilayers with Bernal (AB) stacking shows complex 2D
shape fitted by multiple Lorentzian lines.”> The Raman
spectrum of the monolayer graphene more closely resembles
that of liquid exfoliated graphene rather than broad and highly
disordered spectrum of thermally reduced rGO.*”*' However,
as the Raman beam spot size (<2 gm) is smaller than most of
the exfoliated graphene, it is safe to assume that the D peak
might be dominated by the edge effect. Yet, we cannot
completely rule out any contribution from basal plane defects
induced during the exfoliation process. We therefore
performed Raman mapping and in situ AFM of the graphene
flakes. Raman map of G and D band (Figure 3b,c) indicates
higher defect density along the edges of the graphene. In situ
Raman analysis of the same flake demonstrated no defect in
the midportion of the flake, while an intense D band appears at
the edge (Figure 3d,e). This suggests that D band measured
here is associated with the flake edges. We note that the I/Ig
ratio along the edge (~0.2) is similar to that of LPEG and
significantly lower than that of ball milled graphene, indicating
the defect-free nature of our exfoliated graphene.”' >’

It is crucial to ascertain the quality of graphene after
exfoliation. XPS was used to characterize the surface chemistry
of our exfoliated graphene. The XPS results (Figure 3f)
indicate that exfoliated graphene consists of in-plane oxygen
concentration of ~4.5 at. %, which is lower than 6.1 at. % of
noncovalently bonded adsorbed oxygen in graphite. The
atomic ratio of carbon and oxygen (C/O) is ~21.2, which is
higher than previously reported value of GO, rGO, and EcG
and is close to LPEG and CVD grown graphene.'®'®*
Increase in the C/O ratio is an indication of removal of some
oxygen containing functional groups during plasma spraying.
The high resolution of the C 1s peak of exfoliated graphene
can be fitted into three peaks at 284.6, 287.1, and 290.9 eV.
The first two correspond to the C—C and C=O bonds,
respectively (Figure 3g)."”*** The 290.9 eV peak related to
the 7—n* transition is clearly visible after exfoliation, indicating
that the conjugated aromatic structure is preserved after
exposure to very high temperature.’® Additionally, FTIR
revealed nearly featureless spectra for exfoliated graphene
which is in contrast to the spectra of GO (Supporting
Information S14).”” This indicates that we produce graphene
rather than some form of derivatized graphene. Figure 3h
compares our exfoliated graphene with graphene obtained
from various methods/sources. Comparison is made based on
two important factors (carbon content, C and % of sp*) which
define the quality of graphene. We observe that with C =
95.5% and sp> % = 95% the quality of our exfoliated graphene
is much higher than that of GO and rGO and are comparable
with that of EcG, LEG, and CVD graphene.

We then try to explore the mechanism which could have
aided the exfoliation of graphite to graphene. The entire
exfoliation step can mainly be divided into three stages:
thermal shock of graphite by hot plasma (stage-1), and two-
stage shearing of the graphite particle in laminar (stage-2) as
well as in turbulent region (stage-3) of the plasma plume. Since
the thermal and kinetic history of the in-flight particle has an
important role in thermal shock and subsequent shearing of
graphite particle, the temperature and velocity of the sprayed
graphite are scrutinized with respect to exfoliation efficiency.

1780

Figure 4a,b illustrates the temperature and velocity of the
graphite particle captured by the in-flight particle diagnostic
sensor. With an increasing plasma power from 10 to 40 kW
and primary gas flow rate from 80 to 140 SCFH, both
temperature and velocity of graphite particle increases. Now,
referring the schematic in Figure 4c and magnified view in
Figure 4d, as soon as the graphite particles are injected into the
laminar region of hot plasma, it experiences thermal shock at
high temperature (3430 °C). Note that at such high
temperature, any damage in graphite was prevented by the
use of an inert argon gas shroud and the short residence time
(in ws) of graphite particle in hot plasma due to the
technique’s high cooling rate 10° K/s.** In addition, the heat
transfer to the graphite particle could have an important role in
preventing the particle from damage. Assuming the boundary
condition of the graphite powder to be symmetric, the heat
transfer within the particle could be approximated by the
conduction equation (eq 1).38

oH 190 ,0T
— = S|k
ot re or or (1)

where r is the radial distance from the center of the particle. H
is the enthalpy of the graphite particle, having a thermal
conductivity of K, and T is the temperature at the given
radius. Hence, for a graphite particle with similar dimension,
heat transfer will be more at higher temperature, which will
certainly avoid the localized heating and further prevent any
damage of the graphite.

The thermal shock will lead to an increase in graphitic
interlayer spacing. The graphitic interlayer spacing (d) follows
a nonlinear dependency with temperature (¢) up to 2600 °C
has already been demonstrated, as per the equation.”

d=3357 4+ 91.9 X 10°% + 5.3 x 10t (2)

Since van der Waals attraction force is inversely proportional
to r° (r is the distance between the molecules),”’ increased
interlayer spacing upon thermal shock will lower the van der
Waals force and results to that of a weakened graphite particle.

In parallel to thermal shock, weakened graphite particles also
experience a shear force (stage-2) due to the combination of
viscosity and velocity of the plume simultaneously in the
laminar region.*' By increasing the primary gas flow rate to 120
SCFH, the plume velocity increases, and subsequently, the
velocity of the graphite particle reaches 350 m/s. Conversely,
the viscosity of the plasma gas exponentially increases at higher
temperature, and it will decelerate the forward moving graphite
particle (for details, refer to Supporting Information, S15).
Hence, this opposing force could help in shearing the graphitic
layer and aid the exfoliation of the expanded graphite layers.

The already weakened and partially sheared graphite particle
transcends downstream toward the turbulent region (Figure
4c,e) where it encounters the large-scale eddies of cold
ambient gas (i.e., shroud argon gas). Since these entrained cold
eddies will have the higher density compare to their high
temperature counterparts, entrapped graphite particle will
experience greater inertia.”' Consequently, the graphite
particle will try to travel along the axial direction at much
lower velocity, while the hot plasma plume travels with very
high velocity due to the higher primary gas flow rate (120
SCFH). This is exactly the competing phenomena where the
already weakened and initially sheared graphite particle again
encounters strong shear between the graphitic layers resulting
the autoexfoliation of graphene sheet.

https://dx.doi.org/10.1021/acsnano.0c09451
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Figure S. (a) AFM force—indentation depth curves of single-layer, bilayer, and trilayer graphene. (b) Histogram of Young’s modulus for
single-layer, bilayer, and trilayer graphene. (c) COF of graphene coated over Si wafer vs Si against a bare steel ball. (d) Current—voltage (I—
V) curves for single-layer, bilayer, and trilayer graphene. (e) Digital image of graphene film over quartz. (f) Transmittance of film measured
by UV—vis optical spectroscopy. Three samples tested yield transmittance of 69—72%. (g) I-V characteristics. Inset is the AFM to identify
the thickness of the film. Suspension of exfoliated graphene in ethanol was spin coated over quartz to obtain the film. (h) Cyclic voltammetry
curves of the graphene at different scan rates. (i) Galvanostatic charge—discharge curves at different current densities.

So, if the plasma gas velocity can further be increased by
increasing the primary gas flow rate from 120 to 140 SCFH,
ideally it should have efficient exfoliation having a greater
number of single layers. However, it is to be noted that
increasing the gas flow rate will cause the drop in in-flight
particle temperature (3430 °C at P7G3, 3300 °C at P7G4) and
the phenomena of thermal shock may be disturbed. To
confirm our findings, we varied the process parameters from
P7G3 (T: 3430 °C, V: 350 m/s) to PSG3 (T: 3280 °C, V: 323
m/s), and TEM analysis of the exfoliated graphene showed the
presence of multilayer instead of 1—3 layers (Supporting
Information S16). This has further verified our findings that
the right combination of temperature and velocity will have an
impact on the number of layers of graphene. With the more
rigorous trials, the process sheets can further be designed to
achieve the exact dependency of process parameters on the
exfoliation of graphitic layers.

For commercial production of graphene, two of the most
critical metrics are the yield and production rate. These metrics
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to some point have suffered from the lack of standardization.
As an example, past studies simply divided the mass of
exfoliated graphene by mass of original graphite to obtain yield
without considering additional separation steps, which reduce
yield.'”** Henceforth, studies overestimate yields up to 93% of
the total parent mass under optimal conditions. Here, we
define our vyield as the product obtained after exfoliation and
mild centrifugation. Note that our process does not require
extensive cleaning of the collected supernatant such as solvent
removal that reduces yield. Our laboratory-scale experiments
result in yield up to 40% comparable with other exfoliation
techniques (refer to Supporting Information S17 for more
detailed information on yield). Additionally, we define our
graphene production rate which is one of the most critical
aspects to prototype industrialization. Our prototype lab-scale
experiments demonstrated graphene production rate over 48
g/h. Additionally, it cost us around USD $1.12 to produce 1 g
of graphene (Supporting Information S18). It is to be noted
that production cost depends upon the local condition (i.e.,
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plasma gases, electricity charge, labor cost, etc.). Hence, this
may be taken as reference. Although not comprehensive, we
note that our production cost is lower than most of the
commercially available single-layer or few-layer graphene.

A rigorous comparison was drawn against the literature
available for gauging our exfoliated graphene in terms of a few
essential factors including number of layers, quality of
graphene, yield, and production rate of the protocol
(Supporting Information S19). This indicates that no work
portrays production rates above 48 g/h coupled with Ip/Ig
intensity ratios below 0.20 (overall). In reality, 80% of the
manuscripts visited had production rates below 1 g/h, far
below that required for commercial production. Our C/O ratio
and sp® are high enough to compete with high quality
graphene.

Another important metric to realize in graphene commerci-
alization is reproducibility. We produced graphene using the
same optimized parameter (P: 40 kW, G: 120 SCFH) in a total
of five (5) batches (Supporting Information S20). All batches
were independently inspected for structural integrity and
selectivity toward the number of layers. Raman spectra of all
five batches demonstrated intense G and 2D bands at ~1580
and 2719 cm™’, respectively. A minor D band was also
observed in all batches and is consistent with previous results.
Thickness inspection using AFM shows that 75—85% of flakes
are single layer.

The superlative properties of graphene make it ideal for all-
encompassing applications both as standalone and as an
additive. To date, more than 40 application areas have been
identified where graphene has the potential to make a
significant commercial impact.1 Hence, in order to gauge the
viability of our exfoliated graphene, we tested it in some
applications that require high quality graphene in large
quantities (details about the experiments have been discussed
in Supporting Information S21). One major application area
where graphene has already been utilized to its full spectrum is
as strengthening additives, thanks to its exceptionally high
Young’s modulus (~1 TPa).*’ We performed indentation
using atomic force microscope to measure the Young’s
modulus of the exfoliated graphene (experimental details in
Supporting Information S21a). The solid lines in Figure Sa
shows the respective force—indentation depth curves of single,
bi, and trilayer exfoliated graphene performed at constant
incremental load of 10 nN. For each layer, a total of 40
loading/unloading curves were collected and the distribution
of derived moduli were plotted as histograms (Figure Sb). The
single-layer exfoliated graphene shows an effective Young’s
modulus of 850 + 65 GPa, which reduces to 665 £ 55 and 550
+ 52 GPa for bi- and trilayer, respectively. Notably, the
modulus of our exfoliated graphene is closer to the modulus of
mechanically cleaved sin§le layer graphene (1 TPa) measured
using similar technique.4‘ However, it is much higher than that
of the GO (~207 GPa), which is an indicator of defect-free
graphene.** The bilayer and trilayer graphene show lower
Young’s modulus compared to that of the single-layer
graphene. This is due to the weaker interlayer interaction in
adjacent graphene layers which slide relative to each other
upon indentation.*> We performed macroscale lubricity test of
the exfoliated graphene. Graphene deposited over Si wafer
showed a very low coefficient of friction (COF = 0.03 + 0.01)
against the uncoated Si surface (0.42), while sliding with bare
steel ball at 1 N loading (Figure Sc). Note that this ~90%
reduction in COF is encouraging, as a mere reduction of 20%
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friction can impact on cost in view of energy reserves and
environmental benefits."® The COF remains consistent even
for higher load (Supporting Information S21b). Layer-wise
electrical conductivity of the graphene was confirmed using a
conductive AFM (cAFM). The linear I-V curve (Figure 5d)
for an individual single, bi, and trilayer graphene is
representative of its excellent conductivity.*” We also produced
a thin film of the exfoliated graphene for potential transparent
conductive coatings applications. Shown in Figure Se is the
digital image of the thin graphene film with thickness of ~50
nm (Supporting Information S21d). The film is visually
transparent with transmittance up to 73% at 4 = 550 nm
(Figure Sf). Note that this transmittance is little lower than
commercially available ITO and FTO.** However, we
believe that higher transmittance could be achieved by
optimizing the thickness of the film and its post-processing.
The film also has low sheet resistance of ~30 Q/sq (Figure
Sg), which is much lower than films prepared using graphene
obtained from other exfoliation techniques.”® We performed
electrochemical test to analyze its potential as energy storage
devices like supercapacitors. The cyclic voltammetry (CV)
curves of exfoliated graphene demonstrate near-perfect
rectangular shape at different scan rate (Figure Sh), indicating
pseudocapacitance behavior.”' The curve follows the pseudo-
capacitive nature even at lower scan rate and is higher than that
of graphite (Supporting Information S21e). The maximum
specific capacitance obtained for exfoliated graphene is 375 F/
g at S mV/s, comparable to 3D graphene architecture used for
energy storage devices.””>® Furthermore, the galvanometric
charge—discharge (GCD) curves at various current densities
(Figure 5i) are highly symmetrical, indicating ideal capacitive
behavior and excellent electrochemical reversibility. The
specific capacitance obtained from GCD curves are com-
parable to that obtained by CV at scan rate S mV/s. Thus, we
anticipate that this work will results in ultrafast production of
the high quality and defect-free graphene powder in kilograms
that can be used in diversified applications.

CONCLUSIONS

We demonstrated an ultrafast strategy to exfoliate graphite into
high quality graphene with ~85% selectivity of single layer
without the use of any intercalants, chemicals, or solvent. This
was achieved by the instantaneous temperature surge and two-
stage shear at laminar and turbulent region of plume using a
technology that is well established and highly scalable. Raman
and XPS characterization (Ip/Ig =~ 0, C/O ~ 212, sp* %:
~95%) reveals high quality graphene with minimalistic defects.
Laboratory tests demonstrated ultrahigh production capacity
(48 g/h) indicating that scale-up of continuous graphene
synthesis can be achieved without losing yield or quality. On
top of that, the quality of graphene remained same for different
batches demonstrating the reproducibility of the process. This
straightforward method has the potential to provide sub-
kilogram scale low-cost graphene (our laboratory-scale
production cost: USD $1.12 per gram) that holds great
promise for a large number of applications such as reinforce-
ments, superlubric coatings, energy devices, and transparent
conducting films. We believe that this work could be a game
changer in the production of pristine graphene in large scale
for numerous applications.
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EXPERIMENTAL METHODS

Exfoliation was performed using a plasma spray system (Oerlikon
Metco, Switzerland) which uses a 9MB gun (Nozzle: GH 9MB733A).
Refer to Supporting Information Movie S1 for the exfoliation process.
Argon served as primary gas, while hydrogen was used as secondary
gas for generating the plasma. All gases are 99.9% pure and were
procured from Praxair Gasses Inc., India, unless otherwise mentioned.
In a typical experiment, the graphite powder (procured from Sigma-
Aldrich, Supporting Information S3) was fed into the powder feeder
without any pretreatment. Argon was introduced inside the powder
feeder and the chamber pressure was maintained at 20 Pa. The
powder feeder was subjected to thorough vibration using an air
vibrator (pressure: 10 Pa) for avoiding agglomeration of graphite
powder. The argon (also used as carrier gas) carried the graphite
powder through a coaxial cable (diameter: 1 mm) into the plasma
gun. Powder feed rate was maintained at 120 g/h for all experiments.
A custom-made inert atmosphere shroud which uses argon was fitted
in the plasma gun to mimic inert atmosphere around the gun while in
operation. An in-flight particle diagnostic sensor was positioned
perpendicular 75 mm from the nozzle exit. More details about the
main plasma spray system, shroud attachment, and in-flight particle
diagnostic sensor is discussed in Supporting Information S2. The
main plasma parameters varied throughout are the plasma power, P
(10—40 kW) and primary gas flow G (80—140 SCFH), where the
numbers in brackets correspond to the range of values used in this
work (Supporting Information S4). A large number of experiments
were performed at designated parameters (Supporting Information
SS). After spraying, the resultant powders were centrifuged (1000
rpm, 1 h) to remove any unexfoliated graphite. The characterization
methods used in this work and proof-of-concepts are all described in
much greater detail in Supporting Information 21.
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