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Abstract: In order to progress from the lab to commercial applications it will be necessary to
develop industrially scalable methods to produce large quantities of defect-free graphene.
Here we show that high-shear mixing of graphite in suitable, stabilizing liquids results in
large-scale exfoliation to give dispersions of graphene nanosheets. XPS and Raman
spectroscopy show the exfoliated flakes to be unoxidised and free of basal plane defects. We
have developed a simple model which shows exfoliation to occur once the local shear rate
exceeds 10* s1. By fully characterizing the scaling behaviour of the graphene production rate,
we show that exfoliation can be achieved in liquid volumes from 100s of ml up to 100s of
litres and beyond. The graphene produced by this method performs well in applications from
composites to conductive coatings. This method can be applied to exfoliate BN, MoS2 and a

range of other layered crystals.

Main Text:

Due to its ultra-thin, 2-dimensional nature and its unprecedented combination of physical
properties, graphene has become the most studied of all nano-materials. In the next decade
graphene is likely to find commercial applications in many areas from high-frequency
electronics to smart coatings. Some important classes of applications, such as printed
electronics, conductive coatings and composite fillers, will require industrial-scale production
of defect-free graphene in a processable form. For example, graphene is likely to be used as a
low-cost electrode material in applications such as solar cells,? batteries® and sensors*. Such
electrodes will almost certainly be produced by solution-coating and so will require large
quantities of graphene in the form of liquid suspensions, inks or dispersionst. Thus, liquid
exfoliation of graphene will become a critically important technology in the near future.>®
However, no scalable method exists to give large quantities of graphene that is also defect-
free. For example, while oxidative exfoliation of graphite can potentially give large quantities
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of graphene-like nanosheets, such graphene-oxide is typically defective.” Although,
graphene-oxide has proven very useful in applications from composites to catalysis,®? it is
very likely that an equally wide range of applications will require graphene that is free of
basal-plane defects. Alternatively, sonication of graphite,’® or indeed other layered
compounds,! in certain stabilising solvents or aqueous surfactant solutions'?*3 gives defect-
free nanosheets. However, the scalability of the latter process is limited by the use of

sonication as an energy source.

Thus, solution- exfoliation methods tend to display either high production rates or low defect
contents, but not both. A detailed literature survey* shows that no papers describe production
rates above 0.4 g/h coupled with Raman D:G intensity ratios (a measure of defect content)
below 0.65. In fact 80% of the papers surveyed had production rates below 0.04 g/h,** far too
low for commercial production. One possible solution would be to find a scalable method of
exfoliation which, coupled with the use of stabilising liquids, could lead to large scale

graphene production.

Here, we demonstrate high-shear mixing* as a scalable alternative to sonication for the
exfoliation of layered crystals such as graphite. Shear mixing is already widely used to
disperse nanoparticles in liquids. However, in general this involves breaking up of
nanoparticle agglomerates®® which are very weakly bound compared to the inter-sheet
binding strength in graphite. A number of papers and patents have described methods for the
exfoliation of graphite or layered compounds that incorporate shear mixing as part of the
process. However, in such cases, the layered crystal was first swelled by intercalation,
significantly weakening the inter-layer binding strength.6-2® Under these circumstances,
shear mixing can be used to exfoliate the crystal to give dispersed nanosheets. However, such
methodologies just shift the rate-limiting step from exfoliation to intercalation, limiting the

potential for scale-up. What would be more useful would be if untreated layered crystals



could be exfoliated in liquids using only shear mixing. This would allow the application of
the well-known strategies for the scale-up of shear mixing processes that are commonly used
in industry.?’ However, at first glance shear mixing alone seems an unlikely candidate for
exfoliation of layered crystals. When using ultrasonic probes to exfoliate graphite, energy
densities of thousands of W/L are typically used.?* Lab-scale shear mixers typically deliver
100s of W into a few litres of liquid resulting in powder densities of ~100 W/L. Thus, one
would expect exfoliation under shear to either not occur at all or to proceed at a much lower
rate than sonication-induced exfoliation. However, a recent paper has shown that graphite can
be exfoliated to give graphene by generating shear in a very thin liquid layer in a rapidly
rotating tube.?? However, this method gives very small quantities of graphene and is
inherently un-scalable. Here we demonstrate a method for shear-exfoliation of graphite to
give graphene that is many times more efficient than sonication but which can be scaled-up to
an industrial level. We show that shear exfoliation can produce large quantities of defect-free,
unoxidised graphene and develop a model that quantitatively describes the process. In
addition, this graphene performs very well in a range of applications and this method can be

used to exfoliate numerous other layered crystals.

Shown in figure 1A is a Silverson model L5M mixer that generates high shear using a closely
spaced (~120 um) rotor/stator combination (figure 1B), and is available with a range of rotor
diameters (figure 1B-C). Initial shear-mixing trials'* exfoliated graphite both in the solvent
N-methyl-2-pyrrolidone (NMP) and in aqueous surfactant solutions (sodium cholate, NaC),°
to give large-volume suspensions (figure 1D, processing parameters: rotor diameter, D=32
mm; initial graphite concentration, Ci=50 mg/ml; mixing time, t=20 min; liquid volume,
V=45 L; rotor speed, N=4500 rpm). After centrifugation (1500 rpm, 150 minutes) these
suspensions contain large quantities of high quality graphene nanosheets, including some

monolayers (figure 1E-H).



To test the effect of mixing parameters on the quality of shear-exfoliated graphene (SEG), we
prepared a range of dispersions using both NMP and water/NaC, keeping all but one of the
mixing parameters constant (see above) but maximising and minimising the remaining one.*
These dispersions were studied by TEM and AFM to measure the flake size and thickness
before filtering to form ~100 nm thick films which were characterised by XPS and Raman
spectroscopy (figure 1 1-K).** TEM measurements showed nanosheet sizes in the 300-800 nm

range while AFM gave typical thicknesses, N, of less than 10 monolayers per nanosheet (

<NG > ~5-8).14 The presence of monolayers was confirmed by Raman spectroscopy (figure 11,

inset). For the films XPS showed no evidence of oxidation while Raman spectroscopy
reproducably showed a 2D band consistent with few-layer graphene (inset) and a relatively
weak, narrow D-band.** The Raman D:G band intensity ratio is proportional to inverse
nanosheet length?® while the D:D’ band intensity ratio®* is ~4.1 Taken together, these data
show the D band to be dominated by nanosheet edge contributions and confirms that no basal
plane defects are introduced during exfoliation.}42324 As shown in figure 1L, these properties
were relatively invariant with mixing parameters indicating that well exfoliated, non-
oxidised, defect-free graphene can be produced using a broad range of mixing conditions. We
note that these flakes are virtually indistinguishable from those produced by sonication both

in terms of size and quality.

Considering the exfoliation mechanism, our initial expectation was that localized, turbulent,
highly-dissipative regions were responsible for exfoliation.?>? However, we found turbulent
energy dissipation to be unnecessary. Figure 2A maps the combinations of N and D that

result in exfoliation: graphene is produced not only for turbulent, high Reynolds number (Re)
scenarios, but also for combinations which give Re,, .. = ND*p /7 <10* where turbulence is

not fully developed.?’ To see if graphene could be produced in the complete absence of
turbulence, i.e. under high-shear laminar flow, we mixed graphene in a Couette (a concentric
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cylinder-based rheological cell, radius R=14 mm, thickness d=0.1 mm, rotation frequency of
inner wall o: shear rate y ~ R/ d ).1* TEM confirmed graphene was produced, with
concentration increasing with time as t%° (figure 2B). Interestingly, we found graphene in the

Couette only above a minimum shear rate of 7, ~10% s* (figure 2C). However, this rate is
low enough to give a Reynolds number well within the laminar flow regime (7, =10* s™%:

Re = yd*p /1 =60)% showing turbulence to be unnecessary for exfoliation.

Couette

To see if a minimum shear rate is a general requirement; we prepared graphene in the shear
mixer at a number of different N and D combinations. The concentration produced after 1

minute’s mixing, Cimin, IS plotted against the shear rate (7 ~ zND/ AR where AR is the
rotor/stator gap) in figure 2D. This shows a minimum shear rate of 7. ~10*s™, implying that
the same exfoliation mechanism occurs in both laminar and turbulent regimes. We note that
all the well-exfoliated samples in figure 2A are consistent with 7. >10% s, This suggests

that any mixer which can achieve this shear rate can be used to produce graphene. We
demonstrate this to be true by using a Kenwood kitchen blender to exfoliate graphite to give
graphene. Here, exfoliation occurs because the rapidly rotating blade generates local

turbulent shear rates significantly larger than 10* s.14

We can understand these processes by modelling exfoliation as shear-induced inter-

monolayer sliding in a solvent.}*?2 This predicts a minimum shear rate given by:

Ve BT

7}min - (l)

where Es and Es, are the surface energies of graphene and liquid (Es,.=69 mJ/m? for
NMP), n is the liquid viscosity (0.0017 Pa-s for NMP) and L is the flake length. This

equation clearly shows the role of the solvent: for solvents with surface energies matching



graphene, the exfoliation energy is minimised, facilitating shear exfoliation at low shear rates.

Given the flake size measured by TEM (~300-800 nm) and 7,.. =10* s’%, equation 1 predicts
Es,c~70.5-71 mJ/m?, close to the expected value.®®

Equation 1 can be rewritten to express the minimum flake size that can be produced by shear
exfoliation at a given 5.1 Then, the average flake size, <L> , Is approximately the mean of

this value and the maximum flake size retained after centrifugation, Lcr. Writing in terms of

N and D rather than 7 :

(L)~ AR[E_ET + Ler

2nZND 2

()

Shown in figure 2E is data for mean flake length measured by TEM** as a function of N.
Equation 2 fits the data extremely well and gives Esc~70.6 mJ/m? and Lcr=900 nm, close to

expected values'*. We note that this expression also fits the data for L as a function of D.'*

This mechanism is general and does not only apply to graphite. In fact we were able to
exfoliate BN, WSz, MoSez, MoTez in NMP using this mixer (see SI and below).'* Shown in
figure 2F is a TEM image of a partially exfoliated BN flake displaying laterally displaced

monolayers consistent with the proposed shear-exfoliation method.?

It is important to understand what controls the amount of graphene produced with the aim of
maximising the production rate by scale-up. As properties of shear-mixed dispersions tend to
scale with processing parameters as power laws,#?%3 the graphene concentration should

scale as
C o CA'N"DV" (3)

To test this, we prepared a wide range of dispersions, controllably varying all five mixing

parameters. These were centrifuged and the graphene concentration measured optically.'*



Keeping Ci, N, D and V constant but varying t showed C oc t” where 7 is close to 0.66 (figure
3A), very similar to the Couette exponent.* We note that sonication-exfoliation of graphene
in solvents gives C oc t”?,23 suggesting that time exponents close to 0.5-0.7 may be process-
independent and so represent more fundamental behaviour.

In some cases, C saturated for times above a maximum value, tsa, setting a maximum mixing
time. We found tsa to be proportional to VN D (figure 3B), a quantity related to the time
for the tank volume to be pumped through the rotor/stator once.®! Measurements of C versus t
allowed the calculation of a representative concentration e.g. that achieved after 1 minute
mixing, C1 min. Measurements of C1 min for different combinations of Ci, D, N and V (figure 3
C-F) showed that power-law behaviour was observed with exponents: x=1.0, d=2.28, v=-
0.68. When varying N, power-law behaviour (n=1.13) was only observed above a minimum
rpm, Nmin, Which is associated with the minimum shear rate described above.

Because of these scaling laws, the concentration data should fall on a master-curve when
plotted against the scaling factor C, t**N***D** % as confirmed in figure 4A. These
exponents are not specific to graphene; we plotted the concentration of MoS: exfoliated in
NMP versus C. t*®N**D** % (j.e. using same exponents as graphene in NMP) finding
reasonable linearity (figure 4B).

Studies on the breakage of ceramic materials in rotor stator mixers have suggested a link
between particle concentration and total energy dissipated per volume.3>* The power

dissipated by a rotor/stator mixer is given by P = NPpN3D5 where p is the solvent density
and Np~2.2"2 This expression, coupled with the exponents measured for mixing in NMP
suggest equation 3 to be approximately equivalentto Y =C/C, «c\/E/V where Y is the

graphene yield and E/V is the total energy dissipated per unit volume.'* Plotting Y versus



E/V confirms this to be approximately true (figure 4C). This allows us to compare shear
exfoliation to sonication-induced exfoliation (figure 4C), showing shear exfoliation to be
considerably more efficient than ultrasonic exfoliation, becoming more so as the volume is
increased.* In addition to its inherent scalability, this result shows that shear exfoliation
gives much larger quantities of graphene at lower energy cost than is possible with
sonication-induced exfoliation. It is worth noting that the exfoliation yields are relatively low
at <0.1%. However, by recycling graphitic sediment at least 3% of the graphite can be
transformed into graphene.** Moreover, the yield might be enhanced dramatically by careful

choice of the starting graphite material.

For commercial production, the most important parameter is the graphene production rate:

P, =VC/t. Figure 4D demonstrates a master curve of production rate plotted versus the

scaling factor C, t"N"D"V """ with exponents as above. The maximum production rate
achieved in lab trials was 1.44 g/h (for short mixing times), far higher than any rate

previously achieved for solution processed defect-free graphene.*

It will be more straightforward to scaleup shear exfoliation of graphene in aqueous rather
than organic solvent environments. Thus, for large-scale studies, we focused on exfoliation
by mixing in aqueous solutions of the surfactant sodium cholate (although polymers such as
polyvinylalcohol can also be used).** For both polymer- and surfactant-stabilised graphene,

scaling behaviour was found'* with the data for graphene exfoliated in sodium cholate shown
in figure 4E. Here the scaling exponents are slightly different with C oc C, t"®*N?**D**v 4

possibly reflecting mechanistic differences.

On scale-up, the mixing time should be fixed at t, ocVN™D®, while the rotor/stator

diameter should be scaled in proportion to tank size ( D oc V¥?).14 This predicts P, oc V542



giving P, ocV** for NMP and P, o V*® for surfactant, confirming that production rate can be

increased by scaling up the mixing volume. We performed large scale trials (figure 4 F-H),
mixing in surfactant solution (Ci=100 mg/ml, t=5 min-4 h, N=3000 rpm, D=11 cm), with
volumes up to V=300 L.* This yielded up to 21 g of high quality graphene (Raman ratio of
0.18) per batch with concentrations up to C=0.07 mg/ml and production rates as high as
Pr=5.3 g/h, significantly better than any reported work.'* Both lab-scale and large-scale
concentration data followed the same scaling law (figure 4E). This allows us to estimate that
on scale-up to V=10 m?, production rates exceeding 100 g/h are possible.** A detailed
literature review shows that no report comes close to the combination of high production rate,

low Raman D:G ratio and lack of oxides reported here.'*

The SEG produced has been tested in a range of applications that require large quantities of
cheap, yet good-quality graphene.'* The most obvious application is reinforcement of melt-
processed composites. We added 0.07 wt% graphene to PET, a common engineering plastic,
by melt mixing resulting in macroscopic composites (figure 5A) with well-dispersed
graphene nanosheets (figure 5B). At this loading level, we found a 40% increase in strength
and a 13% increase in modulus (figure 5C), a level of reinforcement which far surpasses that
found for any other filler.2* We produced thin films of graphene nanosheets (figure 5D)
which have conductivity as high as 400 S/cm (figure 5E), competitive with other solution-
processed graphenes®* and suitable for electrode applications. One example is the
replacement of the Pt/ITO electrodes in a dye-sensitised solar cell, resulting in similar levels
of efficiency (figure 5F). Thin films (25 nm) of SEG display a combination of high
electrolytic capacitance at 120 Hz and phase angle close to 90° (figure 5G-H) suitable for use
as micro-supercapacitors in electronic smoothing applications.® This capacitance is 10° times
higher than nanostructured dielectric capacitors® and is competitive with much thicker

electrodes of existing materials.3” We have also produced novel composites by soaking
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commercially available elastic bands in dispersions of SEG in NMP resulting in infusion of

graphene into the surface of the elastomer. This renders the band conductive with a resistance

that depends exponentially on strain. Such bands make very effective dynamic strain sensors

with low-strain gauge factors of ~8 and effective strain range of up to 300%, far superior to

commercial metal strain gauges (figure 5 1-J).38
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Figure 1: Production of graphene by shear mixing. A) A Silverson model L5M high-shear
mixer with mixing head in a 5L beaker of graphene dispersion. B-C) Close-up view of B) a
D=32 mm mixing head and C) a D=16 mm mixing head with rotor (left) separated from
stator. D) Graphene-NMP dispersions produced by shear exfoliation. E) Wide-field TEM
image of shear-exfoliated graphene nanosheets (after centrifugation). F-H) TEM images of F)
an individual nanosheet, G) a multilayer (bottom left) and monolayer (right) as evidenced by
its electron diffraction pattern (inset) and H) a monolayer (imaged by high resolution
scanning TEM). 1) Histogram of nanosheet thickness as measured by AFM on a surfactant
exfoliated sample. The presence of monolayers was confirmed by Raman characterisation
(inset). J-K) XPS and Raman spectra (NMP exfoliated samples) measured on thin films.
AFM, Raman and XPS analysis was performed on dispersions made using both high and low
values of a given processing parameter while keeping others constant!*. The dispersion type
is indicated in the panel. L) Information extracted from Raman, XPS and flake thickness data
plotted versus dispersion type. Blue — mean flake thickness measured for a surfactant

exfoliated dispersion, <N>; black — fraction of XPS spectrum associated with C-C bonds; red
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— ratio of intensities of Raman D and G bands. Unless noted otherwise, all data is reported for

NMP dispersions.
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Figure 2: Characterisation of the exfoliation mechanism. A) Phase diagram of rotor speed, N,
versus diameter, D, for dispersions showing good exfoliation according to TEM. The region

above the solid line represents fully developed turbulence i.e. Re>10* while the region above
the red line represents 7. >10% s™. B) Concentration (after CF) of graphene produced in a

rotating Couette as a function of mixing time (rotation rate 3000 rpm). Inset: TEM of Couette
produced graphene. C) Concentration (after CF) of graphene produced in a rotating Couette
as a function of shear rate (mixing time 60 min). D) Concentration of graphene produced in a
shear mixer as a function of shear rate for rotors with diameters of 32, 16 and 12 mm (mixing
time 1 min). All three data sets are consistent with the same minimum shear rate. E) Mean
flake length plotted versus rotor speed, N (Ci=50 mg/ml; t=20 min; V=4.5 L; D=32 mm). The
solid line is a fit to equation 3. F) TEM image of partially exfoliated BN flake, consistent

with exfoliation by shear sliding.
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Figure 3: Scaling of graphene production using a shear mixer. A) Dispersed concentration,
C, (after centrifugation) plotted as a function of mixing time, t. The lines denote behaviour of
the type: C oct” where 7 is always close to 0.66. B) Graph of the measured values of
saturation time, tsa, plotted versus pumping time VND3, C-F) Values of graphene
concentration after 1 minute of mixing, C1 min, plotted against C) initial graphite
concentration, Ci; D) rotor diameter, D; E) mixing speed, N and F) liquid volume, V. In C-F)
the mixing parameters are given in the panels. The minimum required mixing speed, Nmin, iS
indicated by the arrow. In F), a number of beakers of different capacity, holding a range of
liquid volumes were used.'* Geometrically similar denotes beakers holding a specific liquid

volume such that the liquid height was equal to the beaker diameter.
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Figure 4: Scaling of graphene production using a shear mixer. A) Graphene concentration in
NMP plotted against a composite variable indicating that all data follows the scaling laws
discussed in the text. B) Post CF concentration of MoS2 in NMP, plotted against a composite
variable indicating that all data follow the scaling laws discussed in the text. Also shown in
B) are results of single trials to exfoliate BN, WSz, MoSe2 and MoTez, all in NMP. C)
Graphene yield measured versus energy density. Also shown is equivalent data for horn-
sonicated graphite (t=15-360 min, V=0.22-1 L, delivered power~20 W). D) Graphene
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production rate in NMP plotted against the appropriate composite variable. E) Concentration
of surfactant-exfoliated graphene plotted against a composite variable. F-H) Ten cm diameter
F) rotor and G) stator used during large scale trials. H) Shear exfoliation of graphite in water-

surfactant solution at the V=100 L scale.
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Figure 5: Applications of mixer exfoliated graphene. A) Melt-processed pieces of (left) PET
and (right) PET:Graphene-0.07%. B) Helium ion micrograph of graphene sheet protruding
from a composite fracture surface. C) Representative stress-strain curves of PET and
PET:Graphene-0.07%. D) SEM image of the surface of a vacuum filtered graphene film. E)
Sheet resistance versus thickness for as-made and annealed SEG films. The black and red
lines illustrate the behaviour expected from films with conductivities 200 and 400 S/m
respectively. F) J-V curves for dye-sensitised solar cells with an ITO/Pt counter electrode
(black) and a mixer-exfoliated graphene electrode (red). G) Areal capacitance versus
frequency for a 25 nm thick graphene electrode prepared in this work. H) Capacitance per
unit area, measured at 120 Hz versus impedance phase angle for a 25 nm thick graphene
electrode prepared in this work, a 600 nm thick graphene electrode described in ref ¥, a
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commercial capacitive filter® and a dielectric capacitor with nanotube electrodes®. I)

Applied strain and J) measured resistance as a function of time for an elastomer/graphene

composite strain sensor.
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