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PRODUCTION OF GRAPHENE

Field of invention
The present invention relates to a method for the production of graphene and related
graphite nanoplatelet structures.

Background

Graphene is an atomically thick, two dimensional sheet composed of sp? carbons in a
honeycomb structure. It can be viewed as the building block for all the other graphitic carbon
allotropes. Graphite (3-D) is made by stacking several layers on top of each other, with an
interlayer spacing of ~3.4 A and carbon nanotubes (1-D) are a graphene tube.

Single-layer graphene is one of the strongest materials ever measured, with a tensile
strength of ~130 GPa and possesses a modulus of ~1 TPa. Graphene’s theoretical surface
area is ~ 2630 m*/g and the layers are gas impermeable. It has very high thermal (5000
WI/mK) and electrical conductivities (up to 6000 S/cm).

There many potential applications for graphene, including but not limited to:

(a) additive for mechanical, electrical, thermal, barrier and fire resistant properties of a
polymer;

(b) surface area component of an electrode for applications such as fuel cells, super-
capacitors and lithium ion batteries;

(¢) conductive, transparent coating for the replacement of indium tin oxide; and

(d) components in electronics.

Graphene was first reported in 2004, following its isolation by Professor Geim’s group.
Graphene research since then has increased rapidly. Much of the “graphene” literature is not
on true monolayer graphene but rather two closely related structures:

(i) “few layer graphene”, which is typically 2 to 10 graphene layers thick. The unique
properties of graphene are lost as more layers are added to the monolayer and at 10 layers
the material becomes effectively bulk graphite; and

(i) Graphene oxide (GO), which is a graphene layer which has been heavily oxidised in the
exfoliation process used to make it and has typically 30 at% oxygen content. This material
has inferior mechanical properties, poor electrical conductivity and is hydrophilic (hence a
poor water barrier).
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There are a variety of methods to produce graphene [Ruoff 2008]. Novoselov et al.

produced their first flakes by the mechanical exfoliation of graphite by using an adhesive tape
to isolate individual layers [Novoselov 2004). it has been shown subsequently that graphite
can also be exfoliation by using ultrasonic energy to separate the layers when in an
appropriate solvent, such as NMP (N-methyl pyrrolidone) [Coleman 2008 & 2009).

Wang et al. have shown that ionic liquid are also appropriate solvents for ultrasonic
exfoliation. In this case, they mixed graphite powder with ionic liquids such as 1-butyl-3-
methyl-imidazolium bis(trifluoromethanesulfonyl)imide ((Bmim]{Tf2N]) and then subjected the
mixture to tip ultrasonication for a total of 60 minutes using 5-10 minute cycles. The resultant
mixture was then centrifuged [Wang 2010]. (onic liquids are used to stabilise the graphene
produced by the ultrasonication.

Intercalation compounds can be produced by introducing a metal through the vapour phase
and then reacting these ions — the layers of the intercalation compound can then be
separated by stirring in an appropriate solvent, such as NMP {Vailes 2008]. An intercaiation
approach has also been taken to separate graphene oxide aggregates by electrostaticaily
attracting tetrabutylammonium cations in between the layers of the graphene oxide [Ang
2009). This technique relies on the charges present in graphene oxide to attract the
tetrabutylammonium cations.

Graphene can also be produced by chemical vapour deposition. For example, methane can
be passed over copper [Bae 2010]. Alternatively silicon carbide can be decomposed to
make a graphene film.

Electrochemical approaches can aiso be taken to exfoliate the graphene. Liu et al. [Liu
2008] reported the exfoliation of graphite using an ionic liquid-water mixture electrolyte to
form “kind of IL-functionalized” graphene nanosheets. Scheme 1 in this paper suggests that
the material was produced by the exfoliation of the anode but in their discussion the authors
mention the role of the cation. Lu subsequently studied the route in more detail and
discussed the possible mechanism involved in the production process jLu 2009). In their
paper, they stated “according to the proposed mechanism by Liu, the positively charged
imidazolium ion is reduced at the cathode to form the imidazolium free radical which can
insert into the bonds of the graphene plane. At the fundamental level, there are several
questionable aspects about the radical-insertion mechanism proposed by Liu, especially
when the ILs are mixed with water at 1:1 ratio and where an operational voltage as high as
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15 V is applied”. Lu et al. showed that the graphene nanosheet production is exclusively at
the anode and is due to an interaction of decomposed water species and the anions from the
ionic liquid, such as BF,".

The co-pending international application, published as WO 2011/162727, discloses the
formation of graphene using lithium ion exfoliation of graphite, the exfoliation being aided by
the insertion of solvent between the layers and sonication. This work is also discussed in a
related paper [Wang 2011}.

Further methods for the production of graphene are desired ~ in particular, methods that
produce graphene sheets with a controlled number of layers and flake size. Advantageously,
the methods should be scalable to allow for the production of graphene on a large scale.

Description of the Invention

The present inventors have conceived a method for the production of graphene and related
graphite nanoplatelet structures by exfoiiation driven by the electrochemical insertion of
positive alkylammonium ions (cations) into a negative graphitic electrode. Without wishing to
be bound by theory, it is thought that by using cations to exfoliate the negative electrode, the
possibility of the formation of graphene oxide through oxidative attack is reduced.

In the present application, the term “graphene” is used to describe materials consisting of
ideally one to ten graphene layers, preferably where the distribution of the number of layers
in the product is controlled. The method can also be used to make graphite nanoplatelet
structures under 100 nm in thickness, preferably under 10 nm in thickness and more
preferably under 1 nm in thickness. The size of the graphene flakes produced can vary from
nanometres across to millimetres, depending on the morphology desired.

In some aspects of the invention, the material produced is graphene having up to ten layers.
The graphene produced may have one, two, three, four, five, six, seven, eight, nine or ten
layers. It may be preferred that the material produced is substantially free of graphene oxide.
“Substantially free” means less than 10% by weight, preferably less than 5% by weight, more
preferably less than 1% by weight of graphene oxide.

in other aspects of the invention, the material produced may comprise at least 10% by weight
of graphene having up to ten layers, preferably at least 25% by weight and more preferably
at least 50% by weight of graphene having up to ten layers.
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The intercalation of cations into graphite cathodes (negative potential) under electrochemical
reactions is well known and is, for example, the basis of lithium ion batteries. It is also known
that if too many ions are intercalated then the negative electrode disintegrates. Furthermore,
the size of the cation has a significant effect. For example, Simonet and Lund reported in
1977 whilst studying the electrochemical behaviour of graphite negative electrodes in the
presence of tetralkylammonium cations that “in the presence of very large cations the
cathode disintegrates” [Simonet 1977].

Under the right conditions the fragments from the disintegrated negative electrode can be
nanoscale forms of a carbon. The production of carbon nanotubes from the intercalation of
alkali metal ions into a graphite cathode has been reported by Kinloch et al. [Kinloch 2003].
These nanotubes were produced using a molten alkali halide electrolyte at high temperatures
(600°C or higher). In addition to carbon nanotubes, graphite platelets, carbon nanoparticles
and amorphous structures were observed. However, no graphene was reported.

The present invention provides a method for the production of graphene and graphite
nanoplatelet structures having a thickness of less than 100 nm in an electrochemical cell,
wherein the cell comprises:

(a) a negative electrode which is graphitic;

(b) a positive electrode which may be graphitic or another material; and

(¢) an electrolyte which consists ofions in a solvent, where the cations are alkylammonium
ions;

and wherein the method comprises the step of passing a current through the cell.

The negative electrode is the electrode held at the most negative potential out of the two
electrodes. A reference electrode may also be used.

Negative electrode

The negative electrode may comprise a layered graphite compound in which cations can be
intercalated. Preferred materials include highly ordered pyrolytic graphite (HOPG), natural
and synthetic graphite. The electrode may be a single graphitic crystalline flake or many
flakes held together. In the latter case, the crystals may be placed on an conductive surface,
physically pressed together or held together using a binder such a pyrolysed polymer (e.g.
an extruded graphite rod). The minimum lateral dimensions of the graphite flakes are
preferably at least 1 nm, more preferably at least 100 nm and most preferably at least 1
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micron. The maximum lateral dimensions of the graphite flakes are preferably no more than
10cm, more preferably no more than 1mm and most preferably no more than 100 microns.
in one embodiment, the flakes are orientated so that the [002] direction is parallel to the
surface of the electrode, exposing the galleries for intercalation.

The negative electrode may comprise partially exfoliated graphene oxide.

The negative electrode material may be treated prior to use in order to improve its
electrochemical exfoliation. In one embodiment the electrode is made from material which
has been previously partially exfoliated using other methods such gaseous expansion or
intercalation from the vapour phase. For example, commercially available material from

companies such as XG Sciences and Angstrom could be used for the electrode material.

In some embodiments, the negative electrode may be surrounded by 2 membrane. Without
wishing to be bound by theory, the use of a membrane may help retain any exfoliated
material in electrical contact with the negative electrode allowing for further intercalation of
the cations. In some embodiments, the pore size of the membrane may vary from 10nm to
500nm. Suitable membranes include cellulose dialysis membrane (e.g., Spectra Por 7, 25

nm pores) and polycarbonate membranes (e.g. 450 nm pores).

in some embodiments, the negative electrode may be of a ladle design to avoid issues with
disintegration of the electrode into large pieces. In other embodiment, the graphite negative
electrode may be held at a liquid-liquid interface. In such an embodiment, the negative
electrode may be a liquid metal such as mercury or gallium on which graphite flakes are
placed, allowing continual contact with the graphitic material as it is exfoliated into the
desired material.

Positive electrode

The positive electrode may consist of any suitable material known to those skilled in the art
as it does not play a role in the graphene production, other than to provide a counter
electrode for the anions. Preferably, the positive electrode is made from an inert material

such as gold, platinum or carbon.

When the reaction at the positive electrode generates a gas the electrode surface area is as
large as possible to prevent gas bubbies wetting it and/or disrupting the process at the
negative electrode. The positive and/or reference electrode may also be placed in a
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membrane or molecule sieve to prevent undesired reactions in the electrolyte or at either
electrode.

Electrolyte
The electrolyte comprises ions in a solvent, wherein the cations are alkylammonium ions.

Tetraalkyl ammonium cations are preferable, including tetrabutyl ammonium (TBA,
((C4HglsN™), tetraethyl ammonium (TEA, (C,Hs)4N") and tetramethyl ammonium (TMA,
(CH3)4N") . The alkyl chains may contain up to 100 carbon atoms, more preferably up to 20
carbon atoms and most preferably up to 5 carbon atoms long. The alkyl chains may contain
only a single carbon atom, but preferably contain at least two carbon atoms. The alkyi
chains may all be the same, or may be different. Furthermore, a mixture of different cations
maybe used.

Dialkylammonium cations and trialkylammonium cations may be also used in the invention,
including tributyl ammonium ([(C4Hs)sNH"), triethy) ammonium ((C.Hs)sNH"), triemethyl
ammonium ((CHa)sNH"), dibutyl ammonium ([(CsHg]o.NH,"), diethyl ammonium ((C;Hs)2NH,")
and diemethyl ammonium ((CH),NH,"), The alkyl chains may contain up to 100 carbon
atoms, more preferably up to 20 carbon atoms and most preferably up to 5 carbon atoms
long. The alkyl chains may contain only a single carbon atom, but preferably contain at least
two carbon atoms. The alky! chains may all be the same, or may be different.

Furthermore, a mixture of different cations may be used, including a mixture of
dialkylammonium cations, trialkylammonium cations and tetraalkyl ammonium cations.

The counter-ions may be relatively lipophilic ions, e.g. tetrafluoroborate (BF5"), perchlorate
(ClO4") or hexafluorophosphate (PFs”). Other soluble, inorganic ions may be used, such as
tetrapheny! borate.

Solvents which can be used include NMP, DMSO (dimethy! sulfoxide), DMF (N,N’-dimethyl
formamide) and mixtures thereof. In one embodiment, the solvent used has an affinity for
graphene or graphite nanoplatelet structures so that the material produced at the electrode is
taken away by the solvent. In another embodiment, the solvent has no affinity for graphene
or graphite nanoplatelet structures, so that the material produced falls to the bottom of the

electrochemical cell, allowing easy collection of the graphene produced.
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In some embodiments, the concentration of the alkyl ammonium cations may be a minimum
of imM, 0.1 M, 0.2 M or 0.5 M. The maximum concentration may be 2M, 1.5M or 1M.

Cell potential and current density

The working potential of the cell will be at least that of the standard potential for reductive
intercalation. An overpotential may be used in order to increase the reaction rate and to drive
the cations into the galleries of the graphite at the negative electrode. Preferably an
overpotential of 1 mV to 10 V is used against a suitable reference as known by those skilled
in the art, more preferably 1 mV to 5 V. In cells, with only two terminals, and no reference, a
larger potential may be applied across the electrodes but a significant amount of the potential
drop will occur over the cell resistance, rather than act as an overpotential at the electrodes.

In these cases the potential applied may be up to 20V or 30V.

The voltage applied across the electrodes may be cycled or swept. In one embodiment, both
the electrodes are graphitic and the potential is swept so that electrodes change from
positive to negative and vice versa. In this embodiment the cationic exfoliation would occurs
at both electrodes, depending on the polarity of the electrode during the voltage cycle.

The current density at the negative electrode will be controlled through a combination of the
electrode’s surface area and overpotential used.

Operating temperature
The cell is operated at a temperature which allows for production of the desired material.

The cell may be operated at a temperature of at least 10°C, preferably at least 20°C. The
maximum cell operating temperature may be 100°C, and more preferably 50°C, 80°C, 70°C
or 50°C. In some embodiments, the cell may be operated at a temperature of at least 30, 40
or 50°C. The maximum cell operating temperature may be as high as 120°C. The optimum
operating temperature will vary with the nature of the solvent. Operating the cell up to the
boiling point of the electrolyte may be carried out in the present invention.

Recovery of Cation

in one embodiment, the cation used for the exfoliation is recovered after exfoliation. The
cation may be recovered by washing and /or heating of the exfoliated material,
electrochemical reduction of the cation, ultrasonic energy treatment of the exfoliated material,
displacement from the exfoliated material by surfactants or combinations thereof.
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Further method steps

in one embodiment, organic ions may be added in a second stage, in order to favour the
exfoliation of graphite through a process of polymerization and expansion between the
graphene layers. Suitable organic ions include monomers for polymerisation possessing
electron-withdrawing groups such as nitrile, carboxyl, phenyl, and vinyl.

The graphene or graphite nanoplatelet structures having a thickness of less than 100 nm
produced by the method of the invention may be separated from the electrolyte by a number
of separation techniques, including:

(a) filtering;

(b) using centrifugal forces to precipitate the graphene or graphite nanoplatelet structures;
and

(c) collecting the graphene or graphite nanoplatelet structures at the interface of two
immiscible solvents.

The electrochemically exfoliated graphene or graphite nanoplatelet structures may be further
treated after exfoliation. For example, the materials may be further exfoliated using
ultrasonic energy and other techniques known to those skilled in the art to decrease the flake

size and number of graphene layers.

The graphite at the negative electrode may be functionalised electrochemically prior to its
exfoliation, for example, by oxidation in nitric acid or fluorination using hydrofluoric acid. In
these cases the negative electrode would become the positive electrode during the
functionalisation. In some circumstances, the voltage may be reversed to cycle the
electrochemical exfoliation and functionalisation steps.

Analysis of Graphene by Raman spectroscopy

It is well established in the literature that Raman spectroscopy can be used to measure the
number of layers that a flake possesses through the shape, intensity and position of the G
(~1580 cm’™") and 2D (~2700 cm™) peaks (some of the literature calls the 2D peak the G’
peak.) The exact positions of the peaks depend on the excitation wavelength used and the
level of doping in the sample [Ferrari 2006}. In general, single layer graphene comprises of
2D peak which can be fitted with a single component and is similar or higher in intensity than
the G peak. This G’ peak is at approximately 2637 cm™ when measured using a 633 nm
excitation laser. As the number of layers increase, the G’ peak decreases in relative intensity
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to the G peak. The G’ peak also widens and its position increases in wavenumber [Hao
2010). For example, the 2D peak for two layers is well described by four components.)
Significantly as the number of layers increase, the spectra become less symmetrical and
approaches a peak with two components with a main peak with a less intense shoulder at a
lower wavenumber.

The G’ peak would be expected to be centred at approximately 2637, 2663, 2665, 2675 and
2688 cm™ for 1-layer, 2-layer, 3-layer, many-layer and graphite respectively using a 633 nm
laser to measure flakes deposited on a silicon oxide wafer.

Brief Description of the Drawings

Figure 1 shows the expansion and exfoliation of a HOPG electrode upon the electrochemical
insertion of TBA cations;

Figure 2 shows a scanning electron micrograph of an electrode in which TBA has been
intercalated as in Figure 1;

Figure 3 shows the expansion and exfoliation of a HOPG electrode upon the electrochemical
insertion of TBA cations under cyclic voltammetry;

Figure 4 shows optical micrographs of the material produced by ultrasonicating the negative
electrode and electrolyte after electrochemical intercalation of TBA and TMA respectively;
Figure 5a shows the Raman spectra of the material in Figure 4 produced using TBA;

Figure 5b shows Raman spectra of the material in Figure 4 produced using TMA,

Figure 6a shows the experimental set-up used to hold graphite flakes in electrical contact to
a graphite electrode by the use of a membrane for Example 5;

Figure 6b shows the pitting and fragmentation of the graphite rod used to make contact to
the membrane-bound flakes in Example 5;

Figure 6¢ shows typical Raman spectra for samples produced in Example 5;

Figure 7a shows the Raman spectra of the material produced in Example 6a;

Figure 7b shows the Raman spectra of the material produced in Example 6b;

Figure 7c shows the Raman spectra of the material produced in Example 6¢;

Figure 7d shows the Raman spectra of the material produced in Example 6d;

Figure 8 shows graphite rods after the method of Example 7 has been carried out.
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Examples
All the Raman spectroscopy was conducted using a 633 nm excitation laser.

Example 1
A piece of HOPG (Figure 1A) was held in self-closing tweezers and submerged into an NMP-

0.1 molar TBA electrolyte (anion: BF4) at room temperature. The HOPG was used as the
negative electrode and a platinum wire as the positive electrode. A potential of -4.50V vs
platinum wire was applied. A second platinum wire was used as the reference electrode.
After 15 minutes the expansicn of the electrode due to intercalation was visible to the eye, as
shown in Figure 1B. Figure 1C shows the expansion after 30 minutes. Scanning electron
microscopy confirmed that the electrode has been expanded (as shown in Figure 2).

Example 2
A piece of HOPG was held in self-closing tweezers and subject to cyclic voltammetry. (A

NMP-TBA electrolyte NMP-0.1 molar TBA electrolyte (anion: BF,") was used with platinum
wire reference and counter electrodes at room temperature.)The HOPG was used as the
negative electrode and a platinum wire as the positive electrode. The applied potential to the
negative electrode was swept from -0.10V to -4.50V versus the platinum and back again.
The resulting voltammogram displayed clear current responses relating to the
intercalation/deintercalation of the cation. This cycle was repeated continuously at room
temperature. After 20 hours, the HOPG was observed to have expanded in volume by
approximately 9 times. Figure 3 shows the edge of the HOPG before cyclic voltammetry (A)
and after cyclic voltammetry (B).

Example 3
The effect of ion size was studied on the electrochemical exfoliation of HOPG. Two cells

were set up as described in Example 1, the only difference being that in one cell the TBA
cation was replaced with a TMA (tetramethyl ammonium) cation. After 6 hours, the negative
electrode and electrolyte were ultrasonicated in an ultrasonic bath. The dispersed material
was then transferred to a vial and left to settle, as shown in Figure 4 (TBA on left; TMA on
right). When TBA was used as the electrode, a dispersion of nanomaterial was produced,
whereas when TMA was used as the electrolyte, the material produced was found to
predominantly settie at the bottom of the vial.

Figure 5a shows Raman spectra of material produced when TBA was used as the electrolyte.
These spectra are typical of those from few-layer flakes of graphene. Figure 5b shows three
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Raman spectra of various materials produced with TMA was used as the electrolyte. These
spectra are those typical of graphite-like flakes and few-layer flakes of graphene.

Example 4
The effects of ion size, operating temperature and sonication were studied on the

electrochemical exfoliation of HOPG.

A piece of HOPG (typical approximate dimensions: 5 x 5 x 2 mm, 0.01 g,) was held in self-
closing tweezers and submerged into 10mL NMP-0.1 molar TBA electrolyte (anion: BFy) at
25°C. The HOPG was used as the negative electrode and a platinum mesh as the positive
electrode. A potential of -5.00V vs platinum mesh was applied. A platinum wire was used as
the reference electrode. The potential was applied for 6000 s (about 1.5 hours). The HOPG
electrode was then removed and sonicated in the electrolyte for a period of time (maximum 6

hours, minimum 2 min).

This procedure was repeated at 50°C, 80°C and 120°C.

Sonicated samples were then centrifuged at 13,500 rpm for 30 minutes and a 1 mL aliquot of
the supernatant decanted and filtered through pre-weighed alumina 13 mm diameter
membranes (pore size of 0.01 pm)

The membranes were washed with acetone, air-dried and weighed again. Raman analysis
of the graphitic residue was conducted using a 633 nm laser (10% power) directly on the
alumina membranes. The results of the Raman analysis are summarised below:

TBA 25°C 50°C 80°C 120°C
Intercalation
temperature/
Sonication time
2 minutes graphite-like graphite-like graphite-like No products
flakes flakes flakes
10 minutes graphite-like graphite-like 5-10 layers No products
flakes flakes and few layer
30 minutes graphite-like 5-10layers, | 5-10 layers No products
flakes possible bilayer | and few layers
6 hours 10 layer 5-~10 layers 5-10 layers No products
and few layers

A slight colourisation of the solvent was often observed with the electrolyte appearing yellow
in colour post intercalation. This colour was enhanced with increasing intercalation potential
and increasing time, eventually turning dark brown at 120°C. A control experiment using
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platinum electrodes for the reference, working and counter electrode suggested that that this
colour change was due to the degradation of the electrolyte.

Further variations on the above procedure involved the use of less negative potentials
(potentials in the range of -3.5 V to -5.0 V were found to be effective for exfoliation) and the
use of potential waveforms, e.g. cycling the potentials linearly between -1.0 and -5.0 V.
Positive potentials were avoided because of the risk of graphite oxidation.

Other tetralklyammonium cations (specifically tetramethylammonium, TMA and
tetrethylammonium, TEA) were also employed for exfoliation studies.

Example 5
Commercial graphite flakes (Alfa Aesar 325 mesh, <44 micron) held inside a membrane

which was clamped to a 5mm diameter graphitic rod with an O-ring was used as a negative
electrode. The membranes used were:

(a) cellulose dialysis membrane (Spectra Por 7, 25 nm pores); and

(b) polycarbonate membranes (with larger pores, 450 nm).

A photograph of the approach is shown in Figure 6a.

The membrane negative electrode was submerged into NMP-0.1 molar TEA electrolyte
(anion: BF,) at 25°C. A platinum mesh was used as the positive electrode. A potential
of -5.00V vs. platinum mesh was applied. A platinum wire was used as the reference
electrode. The potential was applied for 2 hours.

During these experiments, the cathode graphite rod was found to erode and pit (Figure 6b)
and the graphite powder within the membrane breakddwn. These phenomena can be clearly
seen in cases 1 and 2 in Figure 6b. Raman analysis of the powder within the membrane
found that the samples did exfoliate the graphite into few layer graphene without the aid of a
subsequent exfoliation step. It was also found that applying a subsequent ultrasonification
step (of 3 or 7 hours) did not exfoliate the sample further into thinner layers. The resuilting
Raman spectra are shown in Figure 6¢ (A ~ no ultrasonfication; B — 3 hours ultrasonification;
C =7 hours ultrasonfication).
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Example 6
Further experiments were carried out, using TMA as the cations, and at room temperature.

(a) Two graphite rods were used as the electrodes with no reference electrode. The
electrolyte was 20 ml DMSO with 1.09g TMA Chloride. A constant potential of 20V was
applied to the cell for 10 minutes. The Raman spectrum of the resulting material is shown in
Figure 7a.

(b) A graphite rod cathode and platinum mesh anode were used as the electrodes. The
graphite rod was covered with a dialysis membrane (Spectrum, spectra Por 7, 25nm pores)
to keep the electrolysis product in physical contact with the cathode. The electrolyte was
20m! DMSO with 1.09g TMA Chloride. A constant potential of 30V was applied for 30
minutes. The Raman spectrum of the resulting material is shown in Figure 7b.

(c) This experiment was very similar to (b) above, except that the anode was a graphite rod,
and the potential applied was 20V. The Raman spectrum of the resulting material is shown in
Figure 7c. The 2D peak was shifted more in this experiment, than in (b).

(d) This experiment was very similar to (b) above, except that the cathode was graphite
flakes coated on 4mm diameter stainless steel rod and covered with the dialysis membrane.
A potential of 20V was applied for 30 minutes. The Raman spectrum of the resulting material
is shown in Figure 7d. . The 2D peak is at 2258 cm™ and its width at half height is 51 cm™.

In all the above experiments, the Raman spectra provide evidence of the formation of few
layer graphene (or thinner).

Example 7
Intercalation of the graphite rods (grade EC4 and ECS5, Tokai Carbon Europe) was carried

out using the cations TMA, TEA and TBA all with the tetrafluoroborate counterion in NMP as
the solvent, and the cations at 0.1 molar with an operating temperature of 25°C. A platinum
mesh was used as the positive electrode, with a platinum wire as the reference electrode. A
potential of -5.00V vs platinum wire was applied. Bubbles immediately formed at the
graphite rod and the electrode began to exfoliate after several hundred seconds. It could be
seen that the rate of exfoliation began slowly and increased until approximately 1000 s at
which point a steady rate was reached. The electrolyte gradually turned brown over time.
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Figure 8 shows the resulting graphite rods (A: TMA; B: TBA; C: TEA). The rough texture

formed on the electrode post intercalation could be easily rubbed off to reveal a clean
smooth surface.
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Claims

1. A method for the production of graphene and graphite nanoplatelet structures having
a thickness of less than 100 nm in an electrochemical cell, wherein the cell comprises:

(a) a negative electrode which is graphitic;

(b) a positive electrode which may be graphitic or another material; and

(¢) an electrolyte which is ions in a solvent where the cations are alkylammonium ions;

and wherein the method comprises the step of passing a current through the cell.

2. A method according to claim 1, wherein the negative electrode comprises a layered
graphite compound in which cations can be intercalated.

3. A method according to either claim 1 or claim 2, wherein the negative electrode is
selected from highly ordered pyrolytic graphite, natural graphite and synthetic graphite.

4, A method according to any one of claims 1 to 3, wherein the cations are tetraalkyl
ammonium.
5. A method according to claim 4, wherein the cations are selected from tetrabutyl

ammonium, tetraethylammonium and tetramethyl ammonium.

6. A method according to any one of claims 1 to 3, wherein the cations are trialky!
ammonium.
7. A method according to claim 6, wherein the cations are selected from tributy!

ammonium, triethylammonium and trimethyl ammonium.

8. A method according to any one of claims 1 to 3, wherein the cations are dialkyl
ammonium.
9. A method according to claim 6, wherein the cations are selected from dibutyl

ammonium, diethylammonium and dimethyl ammonium.

10. A method according to any one of the preceding claims, wherein the anions are
selected from tetrafluoroborate, perchlorate and hexafluorophosphate.
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11. A method according to any one of the preceding claims, which is carried out a
temperature from 20°C to 100°C.

12. A method according to any one of claims 1 to 11, wherein the graphene or graphite
nanoplatelet structures having a thickness of less than 100 nm are separated from the
electrolyte by at least one technique selected from:

(a) filtering;

{b) using centrifugal forces to precipitate the graphene or graphite nanoplatelet structures;
and

(c) collecting the graphene or graphite nanoplatelet structures at the interface of two
immiscible solvents.

13. A method according to any one of claims 1 to 12, wherein the electrochemically
exfoliated graphene or graphite nanoplatelet structures are further treated using ultrasonic

energy.

14. A method according to any one of claims 1 to 13, wherein the graphite at the negative
electrode is functionalised electrochemically prior to its exfoliation by oxidation in nitric acid
or fluorination using hydrofiuoric acid.
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