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Making 2-D Materials Mechanochemically by Twin-Screw
Extrusion: Continuous Exfoliation of Graphite to

Multi-Layered Graphene

Haili Chen, Qun Cao,* Ziwei Ye, Beibei Lai, Yuancheng Zhang, He Dong,

Deborah E. Crawford, Oana M. Istrate, and Stuart L. James*

Mechanochemistry has developed rapidly in recent years for efficient
chemicals and materials synthesis. Twin screw extrusion (TSE) is a
particularly promising technique in this regard because of its continuous and
scalable nature. A key aspect of TSE is that it provides high shear and mixing.
Because of the high shear, it potentially also offers a way to delaminate 2-D
materials. Indeed, the synthesis of 2-D materials in a scalable and continuous
manor remains a challenge in their industrialization. Here, as a
proof-of-principle, the automated, continuous mechanochemical exfoliation of
graphite to give multi-layer graphene (MLG, =6 layers) by TSE is
demonstrated. To achieve this, a solid-and-liquid-assisted extrusion (SLAE)
process is developed in which organic additives such as pyrene are rendered
liquid due to the high temperatures used, to assist with the exfoliation, and
simultaneously solid sodium chloride is used as a grinding aid. This gave
MLG in high yield (25 wt%) with a short residence time (8 min) and notably

mechanochemistry from batch opera-
tion methods like ball-milling to scal-
able and continuous “flow” processes. Its
applicability has been demonstrated in
the fields of co-crystallization,!?l metal-
organic frameworks (MOFs) and porous
cage synthesis,[’] sustainable organic
synthesis,¥l and deep eutectic solvent
production.’] The most common ap-
proach is to use twin screw extrusion
(TSE). In TSE, reactant material is con-
veyed by two rotating screws along a
tightly-fitting barrel which imparts high
shear and mixing forces to the reactants.
In 2019, reactive extrusion was high-
lighted by International Union of Pure
and Applied Chemistry (IUPAC) as one

with negligible evidence for structural deterioration (defects or oxidation).

1. Introduction

Mechanochemistry is emerging as an effective and powerful
tool for chemical and materials synthesis.[!l Reactive extru-
sion has emerged as a promising approach for transitioning

of the ten most important chemical in-
novations that could change our world.[%!
Given the growing applicability of re-
active extrusion to synthesis, and the
fact that it provides high shear forces,!”]
we were motivated to explore the potential for exfoliation of 2-
D materials using this technique. This is of particular interest
because the economical production of 2-D materials in a scalable
continuous manor remains a challenge.
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As one of the best-known 2-D nanomaterials, graphene has
gained widespread interest due to its outstanding mechanical,
optical, and electronic properties, and promise for applications.!®!
Several methods for the mechanical exfoliation of graphite to
graphene have been developed, including sonication, high-
shear mixing techniques!'”! (e.g., spinning disc reactors!!*! and
vortex fluidic devices!'%-f), as well as ball-milling.!"!] However,
many of these forementioned techniques have drawbacks includ-
ing long exfoliation times, low yields, the requirement for large
quantities of solvents for graphene stabilization and industrial-
scale controllability.'?! Within the last decade, there have been
numerous successful demonstrations of producing 2-D mate-
rials such as MoS,, MXene, BN, and graphene oxide under
continuous flow conditions using vortex fluidic exfoliation.!**)
Compared to batch processes, continuous processes can po-
tentially offer advantages such as consistent product quality,
lower labor during operation and enhanced process safety.'*]
Numerous attempts have been made to transition the exfolia-
tion of graphite to graphene from batch mode to continuous
flow manufacturing. For instance, methods such as vortex flu-
idic exfoliation!%-f] three-roll milling!®® and internal-circular
sonication!'®! have been explored. However, due to the extended
exfoliation time needed (ranging from 0.5 h to up to 16 h), these
techniques were still predominantly operated under batch mode.
To our knowledge, there is no existing continuous flow mechani-
cal exfoliation process for production of graphene from graphite.

Extrusion processes can provide a well-controlled reaction en-
vironment (e.g., stable reaction temperature, steady specific me-
chanical energy input, constant feeding and production rates)
and are scalable. Herein, we investigate the possibility of produc-
ing 2-D materials by continuous exfoliation using twin-screw ex-
truder, with graphene as proof-of-concept example.

2. Results and Discussion

Previous studies have shown that graphite can be exfoli-
ated to single- or few-layered graphene in high yields un-
der ball'milling conditions in the presence of organic addi-
tives (e.g., melamine,['”] triazine derivatives,'®l pyrenel®! or 4-
hydroxybenoic acid®!) as protective diluents. It was proposed
that during the dry-milling graphite exfoliation process solid or-
ganic additives could not only act as grinding aids to transfer
mechanical forces from the extruder to the graphite, but also
compete with the van der Waals attraction between the graphite
layers, thus aiding in the exfoliation process.l'”2!l Additionally,
inorganic salts like NaCl, CsCl, as well as silica gel, have been
employed as grinding auxiliaries to enhance grinding efficiency
during ball milling or TSE.[??] These studies provided a starting
point for our work. In particular, graphite powder and solid ad-
ditives (e.g., NaCl in conjunction with biphenyl, pyrene, naph-
thene, melamine or 4-hydroxybenzoic acid) were first mixed in
a 1:28 weight ratio. This mixture was fed manually into the
extruder at room temperature over a 20 min period through
the feeding port (ca. ~0.8 g min~') using a screw rotation rate
of 100 rpm, which resulted in a residence time of ca. 15 min
and an average torque of ~2.2 Nm (Figure 1a). The solid ex-
trudate was collected and the remaining additives were fully re-
moved by washing with suitable solvents (Section S2.1, Sup-
porting Information). The carbonaceous product was analyzed
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by thermogravimetric analysis (TGA) and scanning electron mi-
croscopy (SEM) to screen for conversion to graphene. Regev and
co-workers demonstrated the utility of TGA in characterizing the
structural parameters (mean lateral dimension, polydispersity)
of graphene-based materials.}] Based on the literature and the
TGA data we obtained, the following parameters were extracted:
1) the mean combustion temperature T;,, (the temperature of
the combustion step at which half of the total weight loss has oc-
curred — an indicator of the particle size/thickness), 2) the com-
bustion temperature range AT (the temperature range within
which the graphene sheets combust, determined as the differ-
ence between the lower and upper onset temperatures — an in-
dicator of polydispersity). An example of how AT and T;;, were
extracted from the TGA of graphite is shown in Figure S1a (Sup-
porting Information). The extracted ATand T;, parameters were
then plotted as AT versus T;, to give a thermal phase diagram
(TPD) (Figure 1b, for details of TGA analysis method see Section
3.1, Supporting Information). It has been described that TGA
parameters characteristic of various carbon materials occur in
distinct temperature ranges in their TPDs. For instance, amor-
phous carbon exhibited a T; , value typically in the range of 400~
500 °C, while for graphene materials (e.g., few layer graphene,
multi-layered graphene, and graphene nanoplates) it occurs in
the 575-750 °C range.['*?3] As shown in Figure 1b, extrusion of
graphite in the presence of only organic solids (e.g., biphenyl,
pyrene, naphthene, 4-HBC, melamine) led to a decrease of T,
from 770 °C (graphite) to 700750 °C and an increase of AT
from 200 °C to up to 231 °C, indicating that a degree of exfo-
liation had occurred during extrusion, albeit resulting in mate-
rials with high polydispersity. Extrusion in the presence of only
an inorganic salt (e.g., NaCl) as additive decreased the particle
size, thickness and polydispersity the obtained crude graphene
material further (T, , = 620 °C, AT = 180 °C). Unfortunately, ex-
trusion in the presence of both pyrene and NaCl as additives (or
with a lower NaCl content in the feed mixture, graphite: NaCl =
1: 14) led to greater polydispersity (AT > 220 °C) and a lower de-
gree of exfoliation (T}, > 630 °C), and increasing the NaCl con-
tent in the feed mixture (graphite: NaCl = 1: 56) did not signif-
icantly improve these characteristics. As mentioned above, the
TPDs of a variety of commercial carbon-based materials as well
as graphene exfoliated by ball milling have been studied by Regev
and co-workers!'*?**] with the T , values for graphene materials
(e.g., few layer graphene, multi-layered graphene, and graphene
nanoplates) found to occur between 575 and 750 °C. Although
the T,, of carbonaceous products obtained by extrusion with
solid additives shown in Figure 1b fall within this range (specifi-
cally 610-750 °C), SEM images of these materials indicated that
large amounts of unexfoliated graphite remained (Figure S2b,
Supporting Information) in the product, in accordance with their
high AT values (>180 °C).

Various organic additives such as dimethylformamide
(DMF),2*l 1-pyrene carboxylic acid,!*®) N-methyl-2-pyrrolidone
(NMP),1?%] jonic liquids,!*”) and deep eutectic solvents!*] have
been employed as exfoliants due to their ability to prevent
re-aggregation of delaminated graphene sheets and reduce
structural damage, ascribed to their strong hydrogen bonding,
7-m or cation-z based interactions.?'>?! Tt has also been re-
ported that the addition of small amounts of solvent during the
milling process can facilitate the intercalation of solid exfoliants

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 1. Continuous exfoliation of graphite to graphene with various additives. a) cartoon of exfoliation of graphite to graphene using TSE and structures
of organic additives. b) AT versus Ty, thermal phase diagram of products obtained by extrusion at room temperature (graphite: additives = 1: 28 (w/w),
feeding rate = 0.8 g min™, screw rotation rate = 100 rpm, torque = 1.8-2.5 Nm). [a] graphite: NaCl: pyrene = 1: 28: 7, [b] graphite: NaCl = 1:14, [c]
graphite: NaCl = 1:56. ¢) AT versus T;,, thermal phase diagram of products obtained with various additives under liquid assisted extrusion conditions
(graphite: NaCl: organic additive = 1:56:10 (w/w/w), feeding rate = 0.8 g min™", rotation rate = 200 rpm at specified temperature). [a] room temperature,

[b] 70 °C, [c] 80 °C, [d] 160 °C.

(e.g., melamine) between the graphite layers, and promote
greater exfoliation.[?%) Inspired by those findings, we explored
the effect of having both solid and liquid phases present to assist
in the extrusion process. In particular, NMP or DMF were used
as the liquid exfoliation aid and NaCl as a physical solid grinding
aid. The liquid additive was added via syringe pump to maintain
a weight ratio of graphite: NaCl: organic additive of 1:56:10
(feeding rate = 0.8 g min~?!, screw rotation rate = 200 rpm,
average torque = 1.8-2.5 Nm). However, these experiments led
to limited exfoliation as indicated by AT for the products being
greater than 210 °C (Figure 1c). It is possible that these liquids
provided lubrication within the extruder barrel which lowered
the shear force exerted on the material, and may not be ideal as
exfoliation aids. However, a helpful feature of TSE (and which is
not standard in commercial ball mills) is that the barrel can be
heated and maintained at a stable temperature during the extru-
sion process. Therefore, in order to maintain the potential for
7—r stacking interaction between the polyaromatic exfoliating
agents and graphite, while simultaneously promoting diffusion
of the organic species between the graphite layers, extrusion in
the presence of these organic additives (e.g., pyrene, biphenyl or
naphthalene) was investigated by applying temperatures greater
than the melting point of the organic additive (Figure 1c). After
being fed into the extruder at the elevated temperature, the solid
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organic additive should melt, whereas NaCl should continue
to act as a solid grinding auxiliary to deliver shearing forces
during extrusion and enable effective exfoliation. Interestingly,
it was notable that under these semi-melt conditions, a dra-
matic increase in torque to 5-9 Nm occurred during extrusion,
suggesting that greater shear was being applied to the mate-
rial in the extruder barrel. Correspondingly, compared to the
material obtained by extrusion with NaCl as sole additive, this
high temperature solid-and-liquid-assisted-extrusion (SLAE)
process yielded materials with markedly lower T, values (ie.,
595-616 °C). The experimental findings indicated the AT of the
carbon materials obtained using the aforementioned additives
followed the order ATNaCl > A'1—'N51C1-*-ne1phthene > A'1—'N31C1+pyrene'
Perhaps significantly, this trend closely resembled that for AT
values of carbon materials obtained under dry ball milling
conditions."”! Thus, it is postulated that the low T, and AT
values are attributed to both the elevated torque imparted by
SLAE conditions and the effective chemical interactions between
the melted organic additives and carbon materials. Under the
optimized SLAE conditions (graphite: NaCl: pyrene = 1:56:10
(w/w/w)), with a feeding rate = 0.8 g min~! and screw rotation
rate of 200 rpm) at 160 °C, the resulted carbon material exhibited
the lowest AT value of 157 °C. Subsequently, this material
was used further characterization (for representative TGA and

2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

www.advmattechnol.de

d) 50
E 6
.g &
L
o :
24
200 400 600 800 1000 0 50 100 150 200 250 300 350 400
Length (nm) Length (nm)
40 i
g) {i Mean height = 6.1 nm h) |~ graphene (1000 rpm) ') 1600 4~ graphene (500 rpm)
2500 1—— graphene (500 rpm) | G —— graphite L
——— graphene (0 rpm) 1400
2000 4——9graphite 1200] @ -te =Wp, 4 = 30 Wp, -ite

3 3 s
i 1500+ .10

i ™

£ 1000 £ 600l /
400
500
200
0+ T v ¥ 0 v .
5 10 15 20 1200 1300 1400 1500 1600 1700 1800 2500 2600 2700 2800
Flake thickness (nm) Raman shift (cm™) Raman shift (cm™)

Figure 2. Characterization of graphite and graphene sheets. a) SEM image of graphite powder (Sigma Aldrich, 20 um). b) Representative SEM image
of multi-layered graphene obtained by centrifuge of crude graphene sheets. c) Representative TEM image of exfoliated graphene sheets. d) Length
distribution of extrusion exfoliated graphene as measured from TEM images of 170 flakes. e,f) Representative AFM image of multi-layered graphene and
corresponding height profiles. g) Representative AFM height histogram for extrusion exfoliated multi-layered graphene. h) Raman spectra of extrusion
exfoliated graphene with the increase of centrifugation speed. i) Raman spectra of 2D band for raw graphite and extrusion exfoliated graphene.

derivative thermogravimetry (DTG) data see Figure S1b, Sup-
porting Information).

It has been reported that graphite exfoliated by prolonged ball
milling (>6 h) in air suffers from oxidation, to give graphene
oxide.?!] However, according to X-ray photoelectron spectroscopy
(XPS), the surface of the pyrene-NaCl exfoliated crude graphene
was similar to that of the raw graphite material, indicating that
negligible oxidation had occurred under these extrusion condi-
tions (Figure S5, Supporting Information). This may relate to
the short residence time (ca. 8 min) compared to several hours
needed for exfoliation by ball milling, as well as the lack of high-
energy impact forces that can occur during milling. SEM showed
that while the graphite before extrusion consisted mainly of parti-
cles in the size range 10-50 um (Figure 2a; Figure S2a, Support-
ing Information), the crude graphene sheets obtained by SLAE
with pyrene and NaCl had an average lateral size of <1 um, albeit

Adv. Mater. Technol. 2024, 2301780 2301780 (4 of 8)

together with some unexfoliated graphite (Figure S2c, Support-
ing Information). Further analysis by TGA (Figure S1, Support-
ing Information), energy dispersive X-ray spectroscopy (EDS,
Figures S3 and S4, Supporting Information) analyses revealed
the absence of residual additives (e.g., pyrene, NaCl or Fe) in the
crude graphene sheets. XPS analysis of C12p (Figure S6, Support-
ing Information) revealed that the crude graphene product was
not contaminated by chloride from NaCl (or was below detection
limit of XPS). To remove the unexfoliated graphite, the material
was dispersed in NMP (1 mg mL™!), sonicated for 5 min, then
centrifuged at 500 rpm (centrifugation force 42 g) for 45 min (for
SEM image of graphene sheets after centrifugation see Figure 2b
and Figure S2d, Supporting Information).[1%26]

Through carefully repeated transmission electron microscopy
(TEM) verification, it was discovered that the NMP supernatant
did not contain any large graphitic particles but did contain

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Automated continuous TSE process for manufacturing graphene from graphite. a) overview of TSE with automated solid feeder; b) image of

-1

extruder screw with reverse conveying section; c) automated solid feeder with graphite: NaCl: pyrene = 1:56:10 (w/w/w), feeding rate = 0.8 g min~',

rotation rate = 200 rpm at 160 °C; d,e) mixed material after extrusion.

graphene sheets (for representative TEM images of graphene
sheets see Figure 2¢; Figure S7a-d,g, Supporting Information). To
characterize their lateral size, statistical length analysis was per-
formed by TEM as summarized in the histogram in Figure 2d.
The results show lateral size in the range 50-800 nm with most
particles (~80%) lying between 150 and 400 nm. In addition, their
corresponding selected area electron diffraction (SAED) (Figure
S7e,h, Supporting Information) presented a hexagonal pattern
indicating undamaged in-plane structure. The diffraction inten-
sities from the (0-110) and (1-210) planes indicated that both
multi-layer and monolayer sheets were present (Figure S7d-i,
Supporting Information).[*?] The stable graphene suspension ob-
tained after centrifugation (500 rpm, 42 g, 45 min) was also im-
aged by atomic force microscopy (AFM) for statistical height anal-
ysis of 190 particles (Figure 2e,f; Figure S8, Supporting Informa-
tion). This gave an average thickness of 6.1 nm and indicated that
the majority could be classified as multi-layer graphene (taken to
be 5-10 layers,?3] consistent with the generally accepted premise
that the height of a single graphene sheet layer should be taken
as ~1 nm in AFM analysis(!%]). Raman spectroscopic analysis
was carried out to analyze the defect density (through the rel-
ative intensities of the D and G bands, I,/I;) and defect types
(through I, /I;,) as well as the number of graphene layers present
(through the position of the 2D bands), as shown in Figure 2h,i,
respectively (see Figure S9, Supporting Information for represen-
tative Raman spectra). The I /I ratio increased from 0.04 for
the untreated graphite to up to 0.52 for material obtained with
increasing centrifugation speed (from 0 to 1000 rpm, equivalent
to 0-168 g) indicating that the remaining flakes became smaller.
The values of I,/I,, for products obtained at different centrifu-
gation speeds were in the range 1.6-1.8, which, being less than
7, suggests that the optimized extrusion process did not intro-
duce vacancy-like defects into the basal plane of the graphene

Adv. Mater. Technol. 2024, 2301780 2301780 (5 of 8)

produced.** This is in good agreement with the XPS data (Figure
S5, Supporting Information) in which the similar values of %sp?
hybridized carbons (e.g., C-C, C-H, C-0) were obtained from
graphite (=17%) and the crude graphene sheets (%18%). A for-
mula proposed by Coleman and co-workers!!% relates the aver-
age number of layers to the 2D Raman band through the empir-

ical relation NG = 10°%M*+4™ 'where the metric M is given by

wp(—ite)) /IZD-ene (C(] = ws(—ite))

wp(—ite)) /IZD-ite (CO = ws(—ile))

IZD-ene (a) =

M=
Dpiite (a) =

(1)

in which Ly ... and L. are the intensities of the 2D bands for
graphene and graphite respectively (see Figure 2i; Section 3.6,
Supporting Information for details). This gave the average num-
ber of layers as 6.9, in good agreement with the values obtained
from the AFM analysis.

With AFM, TEM and Raman data showing that multi-layer
graphene could be produced from graphite by TSE, a continu-
ous TSE process was set up with automated reagent feed via a
volumetric solid feeder. Under the optimized conditions, a solid
mixture of graphite, NaCl and pyrene in 1:56: 10 weight ratio was
fed into the preheated extruder barrel (160 °C) at 0.8 g min~! over
1 h with a screw rotation rate of 200 rpm (Figure 3 and the video
file in the Supporting Information). A grey crude solid extrudate
was collected from 18 to 60 min.

The extrudate was washed with acetone and water repeatedly,
whereupon the pyrene precipitated and could thereby be recycled
via filtration (for the recycle procedure see Section 2.2, Support-
ing Information). The recycled pyrene was analyzed by LC-MS
and compared with pure pyrene (Figure S10, Supporting Infor-
mation), revealing no chlorinated pyrene in the samples. The ex-
trudate was collected by filtration and dried in an oven to give

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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~0.5 g crude graphene sheets. Some of this crude material (0.1 g)
was dispersed in NMP (100 mL) and centrifuged at 500 rpm
(42 g) for 45 min to give 0.0245 g multi-layer graphene. This yield
of 25 wt% is eight times greater than that reported for a high
shear mixing process (3.35 wt%).[”! The bulk electric conduc-
tivity of the multi-layered graphene was measured using Four-
Point Probe Measurement, yielding values of ~4.5 x 10° Sm™!
at 10 MPa (thickness of 1.1 mm) and ~1 x 10* Sm™" at 30 MPa
(thickness of 0.77 mm). These findings were consistent with pre-
viously reported literature, where the conductivity of few-layer
graphene or multi-layer graphene was reported in the order of
103-10* Sm~1.1102152435] Tt can be noted that the extruder used
in this study is a relatively small research instrument (screw di-
ameter 11 mm, 40:1 L/D ratio). The specific mechanical energy
(SME) during this TSE process supplied to the mixture by contin-
uous extrusion was calculated to be only ~13.5 k] g~! using the
equation:

P
SME = motor % TXN 2)
Tmax x Nmax Q
where P_ .., is the maximum motor power (460 W), 7 is the drive

motor torque (7,,,, = 12 Nm, r = »7 Nm), N is the screw rota-
tion rate (N, = 300 rpm, N = 200 rpm) and Q is the feeding
rate (0.8 g min~?).%*) However, even at a feeding rate of only
48 g h™! and SME of 13.5 kJ g7!, a throughput rate of 4.3 g
day~! (0.18 g h~!) multi-layer graphene, could in principle be ob-
tained from graphite powder, which is 2-20 times greater than
for the reported ball-milling processes (see Section S4, Tables S2
and S3 and Figures S12 and S13 for further comparation). Based
on the yield of multi-layer graphene during twin-screw extrusion
(TSE) at 25 wt% and the theoretically calculated milling energy re-
quired to exfoliate and fragment graphite into ~0.3 pm graphene
sheets (0.145 k] g7, detailed in the Supporting Information), the
efficiency of the supplied specific mechanical energy (SME) is
~0.004% with an E-factor of 4842 (detailed calculation see Sec-
tion S5, Supporting Information). This efficiency is lower than
the previously reported ball-milling efficiencies, which typically
range from 0.1% to 1%.11%37]

Efforts were undertaken to utilize pristine graphite obtained
from Sigma Aldrich, which was characterized by an average par-
ticle size larger than >500 um. However, minimal amounts of
multi-layered graphene were obtained under the current opti-
mized exfoliation conditions, likely due to the limited SME in
the continuous process during the short residence time. Indus-
trial grade extruders, which are widely available, are normally
equipped with more powerful motors (e.g., 6000 kW),8! indi-
cating the potential for enhancing production rates, yields and
the utilization of larger graphite as starting material with such
equipment.

3. Conclusion

We have developed a rapid (~8 min residence time), efficient
(25 wt% yield) and potentially scalable continuous flow process
for exfoliation of graphite to MLG (average number of layers ~6)
by TSE. The method relies on the simultaneous use of both lig-
uid and solid additives to assist in the exfoliation process. We
suggest that the liquid arene is able to diffuse into the material
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and stabilise exfoliated sheets while the solid additive acts as a
physical grinding aid. As a continuous flow mechanical exfolia-
tion process, this method allows the fast production (0.18 g h™?)
of relatively large quantities of multi-layer graphene with negli-
gible structural deterioration (e.g., defects or oxidation), in both
regards showing advantages over ball milling. Although the pro-
duced graphene may not reach few- or single-layered quality at
a production rate comparable to industrialized high shear ex-
foliation in liquid systems,!1%! these findings are significant in
demonstrating the feasibility and efficacy of TSE for 2-D material
synthesis. We noted that in its current form the process results
in waste NaCl, pyrene and solvents and that minimisation of this
waste is an important point for further development. The applica-
tion of this approach to the exfoliation of other layered materials
is currently under investigation.

4. Experimental Section

Materials:  Carbon materials: Graphite (powder, 20 um, synthetic, CAS:
7782-42-5) was purchased from Sigma Aldrich. Additives: NaCl (CAS 7647-
14-5) was purchased from Glacia (food grade pure dried vacuum salt).
Pyrene (CAS: 129-00-0), naphthalene (CAS: 91-20-3), biphenyl (CAS: 92-52-
4), 4-hydroxybenzoic acid (CAS: 99-96-7), N-methyl-2-pyrrolidone (CAS:
872-50-4), N,N-dimethylformamide (CAS: 68-12-2), melamine (CAS: 108-
78-1) were purchased from Sigma Aldrich. Pyrene, naphthalene, biphenyl
and 4-hydroxybenzoic acid were ground before use to give smooth pow-
ders, all the other materials were used as received.

Twin Screw Extruder: The continuous extrusion of graphite to
graphene was carried out using a co-rotating twin screw extruder man-
ufactured by Three-Tec with a screw diameter of 12 mm, a length to diam-
eter ratio of 40:1 and six heating zones. The screw rotation rate of the twin
screw extruder could be varied from 25 to 300 rpm and the temperature
can be increased from ambient to 300 °C. For extrusion above ambient
temperature, all six heating zones were heated to the same temperature.
The volumetric twin-screw solid feeder (ZD 9 FB) was purchased from
Three-Tec. The free volume of the extruder barrel (without screws) was
4.83x 1073 m?.

Automated Continuous Exfoliation of Graphite to Graphene by Twin-Screw
Extruder: A pre-mixed mixture of graphite (1.62 g), sodium chloride
(90 g) and pyrene powder (15 g) was poured into the volumetric twin-
screw feeder. The addition rate was adjusted to ~0.8 g min~" (graphite =
~12.2 mg min~") by setting the feed rate of the feeder to 8%. The screw
rotation rate was 200 rpm and the extruder barrel was heated to 160 °C.
After ~8 min the reaction mixture smoothly exited the barrel as grey pow-
der. After a further 10 min, the torque of the extruder stabilized between
5 and 9 Nm. A 250 mL glass beaker was used to collect the extrudate. Af-
ter running the exfoliation process for 40 min, ~32 g extrudate had been
collected. The extrudate was washed with water (3 x 100 mL) and acetone
(3 x 100 mL), collected by filtration and dried at 110 °C overnight in an
oven to give crude graphene sheets (0.49 g). The crude graphene sheets
were analyzed by Raman Spectroscopy, TGA, XPS, SEM.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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