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PRODUCTION OF GRAPHENE

Field of invention
The present invention relates o 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 carben
aliotropes. Graphite (3-D) is made by stacking several layers on top of each other, with an
interiayer 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
WimK} 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 batieries;

(c} conductive, transparent coating for the replacement of indium tin oxide; and

{d} compenents 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 monoclayer graphene but rather two closely related structures:

(i} “few layer graphene”, which is typically 2 to 10 graphens layers thick. The unigue
properties of graphene are lost as more layers are added to the monolaysr 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 2009]. 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 alse ba exfoliated by using ulirasonic energy to separate the layers when in an
appropriate solvent, such as NMP (N-methy! pyrrolidone) [Colaman 2008 & 20091

Wang et al. have shown that ionic liquids are also appropriate solventis for uitrasonic
exfoliation. In this case, they mixed graphite powder with ionic liquids such as 1-butyl-3-
methyl-imidazolium bis{trifluoromethanesulfonyl}imide {Bmim][Tf2ZN]) and then subjected the
mixture o tip ultrasonication for a total of 80 minutes using 5-10 minute cycles, The resultant
mixture was then centrifuged Wang 2010]. ionic liquids are used fo 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 [Valies 2008]. An intercalation
approach has aiso been taken to separate graphene oxide aggregates by electrostatically
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 [L-functionalized” graphene nanosheets. Scheme 1 in this paper suggesis 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 [Lu 2008]. 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 graphane plane. At the fundamental level, there are several
qusstionable 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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16V is applied”. Lu et al. showed that the graphene nanosheet production is exclusively at the
ancde and is due to an interaction of decomposed water specites and.the anions from the ionic
liquid, such as BF,4.

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].

The co-pending international application, filed on 9 March 2011 claiming priority from
GB1104096.1 {filed 10 March 2011), entitled “Production of Grapheng”, describes ihe
production of graphene by the electrochemical intercalation of alkylammonium ions into-
graphitic cathodes.

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

Summary

In-a first aspect, the present invention refers to a method for the production of graphite
nanoplatelet structures having a thickness of less than 100 nm in an electrochemical cell,
wherein the cell comprises:

{a) 2 negative electrode which is graphitic;

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

{c) an electrolyte which is ions in a solvent whers the catiens are organic ions and metal ions;
and wherein the method comprises the step of passing a current through the cell to produce the
graphene and/or graphiie nanoplatelet structures at the negative electrode.

Description of the Invention

The present inventors have conceived a method for the production of graphene and related
graphite nanoplatelet structures by exfoliation driven by the elecirochemical insertion of both
positive organic ions (e.g. alkylammonium lons) and positive metal ions (e.g. iron, tip, lithium
ions) into a negative graphitic electrode. Without wishing.to be baund by theory, it is thought
that by using cations to exfoliate the negative electrode, the possibility of tha formation of
graphene oxide through oxidative attack is reduced.

in the present application, the term “graphene” is used to describe materials consisting of ideally
ona to ten graphene layers, preferably where the distribution of the number of layers in the
praduct Is controlled. The method can aiso 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
millimeires, 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. |t may be preferred that the material produced is substantially free of graphene oxide.
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“SBubstantially free” means i{ess 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 o ten layers, preferably at least 25% by weight and more preferably
at least 50% by weight of graphene having up to ten layers.

The intercalation of cations into graphite cathodes (negative potential) under elecirochamical
reactions is weil 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 elecirode disintegrates. Furthermore,
the size of the catlion 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 tetralkvlammonium cations that “in the presence of very large cations the
cathode disintegrates” [Simonet 19771

Under the right conditions the fragments from the disintegrated negative electrode can be
naneoscale forms of a carhon, The production of carbon nanotubes from the intercalation of
alkali metal ions into a graphite cathode has been reported by Kinloch et al. [Kintoch 2003].
These nanoiubes were produced using a molien alkali halide elecirolyte at high femperaiures
(600°C or higher). in addition to carbon nanotubes, graphite platelets, carbon nanoparticles

and amorphous stiuciures 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,
wharein the ¢ell comprises:

{a) a negative alactrode which is graphitic;

(h) a positive electrode which may be graphitic or another material, and

{c) an slectrolyte which consists of ions in a solvent, where the cations are organic ions and
metai ions;

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

The negative electrode is the electrode held at the most negative potential out of the two

electrodes. A reference electrode may also be used.
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Negative elscirode

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 crystalling flake or many
flakes held together. In the latter case, the crystals may be placed on a conductive surface,
physically pressed together or held together using a binder such a pyrolysed polymer (e.g.
an extruded graphite rod). They also may be held together in a porous box or basket. The
minimum lateral dimensions of the graphite flakes are preferably at least 1 nm, mors
preferably at least 100 nm and most preferably at least 1 micron. The maximum iateral
dimensions of the graphite flakes are preferably ne more than 10cm, more preferably no
more than 1mm and most preferably no more than 100 microns.. In one embediment, the
flakes are orientated so that the [002] dirsction is paratiel to the surface of the electrode,
exposing the galleries for intercalation. in further embodiments, the maximum lateral
dimensions of the graphite flakes are preferably no more than 1 micron or 10 microns.

The negative electrode may comprise partially exfoliated graphene oxide.

The negative electrode material may be freated prior to use in order fo improve its
glectrochemical 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, commerciaily 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 of a ladle design {0 avoid issues with
disintegration of the electrode inte large pieces. In other embodiment, the graphite negative
electrode may be held at a liquid-liquid interface. In such an embodiment, the negative
glectrode may be a liquid metal such as mercury or galiium on which graphite flakes are
placed, allowing continual contact with the graphitic material as it is exfoliated into the
desired material.

It some embodiments, the negative electrode may be surrcunded by a membrang. Without
wishing to-be bound by theory, the use of a membrane may help retain any exfoliated
material in glectrical contact with the negative electrode allowing for furiher intercalation of
the cations. I 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

nim pores); and (b) polycarbonate membranes (e.g. 450 nm poraes).
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Positive efscirode

The positive electrode may consist of any suitable material known 1o those skiiled in the art
as it does not play a rofe in the graphene production, other than to provide a counter
slactrode for the anions. Preferably, the positive electrode is made from an inert material
such as gold, platinum or carbon. In further embodimentis, the positive electrode may be
made of a material that oxidises to give the metal ions in the electrolyte, such as lithium.

When the reaction at the positive electrode generates a gas the electrode surface areg is as
large as possible to prevent gas bubbles wetting it and/or disrupting the process at the
negative elecirode. The positive and/or reference electrode may also be placedina
membrane or molecule sieve to prevent undesired reactions in the elecirolyte or at either
glectrode. The positive and the negative electrodes could alternatively be placed in a two-
compariment cell, wherein the each compartments contains one electrode, and the
compariments are connected through a channaei.

Electroiyte
The electrolyte comprises ions in a solvent, wherein the cations are organic ions and metal

ions. Therefore the electrolyte contains both organic ions and metal ions.

The organic ions are preferably atkylammonium cations, particularly tetralkyl, trialkyl and

diatkyl ammonium cations.

Tetraalkyl ammonium cations are preferable, including tetrabutyl ammonium {TBA,
[(C4HgliND), tetrasthyl ammonium (TEA, (CaH:)N™) and tetramethyi ammonium (TMA,
{CH2)4N) . The aikyl chains may cortain 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 alkyl
chains may all be the same, or may be different. Furthermore, a mixture of different cations

mayhe usad.

Diaglkylammanium cations and trialkylammonium cations may e also used in the invention,
including tributyl ammoniurn ([(C4HelNH™, triethyl ammonium ((C.Hs)NHY), triemethyl
arnmonium (CHs)NH?), dibutyl ammonium (J(C,Hgl.NH,"), diethyl ammonium ((CaHs)aMH,")
and dismethyl ammonium ((CH3).NH;"), The alkyl chains may contain up to 100 carbon
atoms, more preferably up fo 20 carbon atoms and most preferably up to 5 carbon atoms
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long. The alkyl chains may contain only a single carbon atom, but preferably contain at least

two carbon atoms. The alkyl 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, friatkylammonium cations and teiraalkyl ammoenium cations.

Other organic cations suitable for use in the present invention may include alkylphosphonium

cations, such as tetraalky! phosphonium cations,

The counter-ions for the alkylammonium cations may be, e.g. tetrafluoroborate (BF, ),
perchiorate (CIO,") or hexafiuorophosphate (PFg7). Other soluble, inorganic ions may be

used, such as tetraphenyi borate or chicride.

The metal ions ¢an be selected from, for example, iron, tin and lithium ions, and thus can be
Fe* Fe™, 8Sn** and Li*. The metal ions may also be selected from K', Na* and Al** and rare
earth ions.

The counter-ions for the metal ions may be chilcride or any other soluble anions {such as the
countenicfns listed above for the alkylammonium cations, e.g. tetrafluorobox:a:i:e (BF,),
perchiorate (ClO4") or hexaflucrophosphate (PFg)). The counterions should not be those
that can attack the graphite.

Solvents which can be used include NMP, DM30O (dimethyl sulfomdde), DMF (N, N'-dimethyl
formamide)} and mixtures thereof, which are examples of organic sclvents. In one
embodiment, the solvent used has an affinity for graphene or graphite nanoplateiet structures
so that the material produced at the slectrods 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 elecirochemical cell, allowing easy

collection of the graphene producad.

It may be preferred that the electrolyte is formed by making a eutectic mixture of the
alkylammonium salf and metal ion salt, with the subsequent addition of a soivent. This allows
the method of the invention may be carried out &t an appropriate cell operating temperature
and avoid the need to operate with molten salts. This method of forming salt in solvent
mixtures has been described in US 5,824,832 and in Gaoc 2008. Particular preferred

mixtures include a eutectic phase formed betwean 1:1 mixtures of triethylammonium
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hydrochioride and ferric chloride, followed by the addition of solvent (DMSQ, NMP ora 1.1
mixture of DMS0 :NMP) to this eutectic. The replacement of ferric chioride with fithium
chioride, to form 1 molar solutions in each of the previous solvent systems may also be
preferred.

in scme embodiments, the concentration of the alkyl ammonium cations may be a minimum
of 1mM, 0.1 M, 0.2 M or 0.5 M. The maximum conceniration may be 2M, 1.5M or 1M.

In socme embodiments, the concentration of the metal cations may be a minimum of 1TmM,
0.1 M, 0.2 M or 0.5 M. The maximum concentration may be 2M, 1.5M or 1M,

in some embodiments, the electroiyte and the organic and metal ion salts are suspended in
the solvent with concenirations above the saturation limit of the solvent.

Celi potential and current densily

The working potential of the cell will be at least that of the standard potential for reductive
intercalation. An overpotential may be usad 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 potantial applied may be up to 20V or 30V.

The voltage applied across the electrodes may be cycled or sweptl. In one embodiment, hoth
the elecfrodes are graphitic and the potential is swept so that elecirodes change from
positive io 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 cydie. In
seme embodiment, alternating current can be used to allow for both fast intercalations and
de-intercalations.

The current density at the negative electrode will be confrolled through a combination of the
electrode’s surface area and overpotential used. The method can also be carried out under
current conirol.
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Operating temperature
The cell is operated at a femperature 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 90°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 cperating 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

beiling point of the electrolyte may be carried out in the present invention.

Recovery of Cations

in one embodiment, the cations used for the exfoliation is recovered after exfoliation. The
cations may be recovered by washing and /or heating of the exfoliated material,
electrochemical reduciion of the cations, ultrasonic energy treatment of the exfoliated

material, displacement from the exfoliated material by surfactants or combinations thereof.

Further method steps

in one emboediment, 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 Jayers. Suitable organic ions include monomers for polymerisation possessing
electron-withdrawing groups such as nitrile, carboxy!, phenyl, -and vinyl.

The graphene or graphite nanoplatelet structures having a thickness of less than 100 nm
preduced by the methed 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;
{c) coliecting the graphene or graphite nanoplatelst structures at the interface of two
immiscible solvents; and

{d) sedimentation.

The elecirochemically exfoliated graphene or graphite nancplatelet structures may be further
treated after exfoliation. For example, the rmaterials may be further exfoliated using
ultrasoric energy and other technigques known to those skilled it the art to decrease the fiake

size and number of graphene layers.
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in some embodiments, the slectrochemical intercaiation may be repeated in order to achieve
full exfoliation.

The graphite at the negative electrode may be functionalised eiectrochemically prior to its
exfoliation, for example, by oxidation in nitric acid or fiucrination using hydrofluaric acid. In
these cases tha negative electrode would become the positive electrode during the
functionalisation. In some circumstances, the voltage may be reversed to cycle the

electrochamical exfoliation and funclionalisation 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™"y and 2D (~3200 cm™) peaks (some of the literature calls the 2D peak the &'
peak.) The exact positions of the peaks depend on the excitation wavelength used and the
tevel of doping in the sampie [Ferrari 2008]. In general, single layer graphens 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
excitatior laser. As the number of layers increase, the G’ peak decreases in relative intensity
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.j
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 shouider at a
fower wavenumber,

The G’ peak would be expected o be centred at approximately 2637, 2663, 2665, 2675 and
2688 cm™ for 1-layer; 2-layer, 3-layer, many-layer and graphite respectively using 8 633 nm

laser to measure flakes deposited on a silicon oxide wafer.

Brief Description of the Drawings

Figure 1a shows the Raman spectra of the material produced in Example 1a;
Figure 1b shows the Raman spectra of the material produced in Example 1b;
Figure 1o shows the Raman spectra of the material produced in Example 1g;
Figure 1d shows the Raman spectra of the material produced in Example 1d;
Figure 2a shows the Raman spectra of the material produced in Example 23;
Figure 2b shows the Raman spectra of the material produced in Example 2b;
Figure 2¢ shows the Raman spectra of the material produced in Example 2¢;
Figure 3a shows the Raman specira of the material produced in Example 3a;
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Figure 3b shows the Raman spectra of some of the material produced in Example 3b;
Figure 3¢ shows the Raman spectra of other material produced in Example 3b;
Figure 4 shows the Raman spectra of material produced in Example 4;

Figure 5a shows the Raman specira of material produced in Example 5;

Figures 8b, 5c and 5d show TEM images of the material produced in Exampie 5; and
Figures Se, 5f and 5g show SEM images of the material produced in Example 5.

Examples
General conditions for Examples 1to 4

All the elecirochemical experiments were conducied in 50 ml glass bakers. The beaker was
sealed using rubber plug or custom-made plastic lid. The electrodes are fixed on the lid so
that the electrode separation is fixed at 5 mm at the start of the run. To conirol the surface
area of the electrodes, the electrodes were attached to stainless steel rods that are allowed
to move verticaily using a M4 screw threaded onto the lid. All the Raman speciroscopy was
conducted using a 633 nm exciaticn laser.

Example 1
A cell was assembled having graphite rods as both electrodes, with the elecirolytes as

detailed below. The cell was operated at room temperature, and a potential of 20V was
applied with a continual reversal of polarity (every 3 minutes for an hour). In examples (a) to
{d) an inert atmosphere was maintained in the celi, using argon. After the end of the run, the
electrolyie was leached in a multistep process using acidified water, distilled water, athanol,
and acetone. The resuitant powder was filtered cut using 10 nm pore diameter filter paper.
The electrolytes used were:

{a) electrolyte: 0.1 M Et;NCI, 0.1 M LiCl, 20mlL. DMSQO;

{b) eiectrolyte: 1 M ELNCI 1 M LICIH 20mEL DMSO;

(c) electrolyte: 1 M ELNCI, 1 M LICH 20mi NMP;

(d) electrolyte: 1 M ELNCH 1 M LiCH, 20mL. DMSO/NMP (1:1);

(&) electroiyte: .7 M ENCI, 0.1 M LICI, 20mL DMSOQ - air not excluded.

Resulis

(a) 1.08g of powder was cbfained. The Raman spectrum (figure 1a) shows a band centred
at 2659 cm™ with a width of 56.159 cm™'. These values are typical of a graphene sample with
less than 3 lavers.
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{b) 0.84g of powder was obtained. The Raman spectrum (figure 1b) shows an asymmetrical
2D band centred at 2668 cm”’, which may be indicative of few layer graphene.

{c) The Raman spectrum (figure 1¢) shows a symmetrical 2D band centered at 2655 e
(d} The Raman spectrum {figure 1d) evidences the formation of few layer graphenea,

(e) The Raman spectrum was almostidentical to that in Figure 1a, indicating the effect of the

absorbed gases and/or moisture from atmosphere is negligible.

Example 2
A cell was assembled as-in Example 1, except that one electrode was a graphite rod and the

other was platinum. An Ag/AgCI reference electrode was used. The following experiments
were carried out;

(&) elecirolyte: 1 M ELNCI, 1 M LiCI, DMSO; The potential was cycled on the graphite rod
hetween 5V and -5V at a rate of 50 mV/s for 5 cycles; ‘

(b} electrolyte: 1 M ENCL, 1 M LiCI, DMSO, as for (a), except a 200 mA and ~200 mA
constant curent was applied for 'duratéons"olf 80 second each and the cycle repeated for 30
minutes;

(¢} electrolyte: 1 M ELNCI, 1 M LICH DMSO; 10V potential applied with constant negative
potential applied to graphite for 10 minutes.

Hesulis
(a) About 0.4g of black powder was collected afier washing and filtering. The Raman
spectrum shown in Figure 23, has the 2D peak centered at 2680 ¢m™ with a width of 72.3

em

{b) The Raman spectrum shown in Figure 2b, has the 2D peak centered at 26856 cm™ with-a
width of 80.1 cm™.

(¢} The Raman spectrum is shown in Figure 2c. AFM (atomic force microscopy) of samples
gave a fiake thickness of 1.3 nm, which suggesis mono or bilayer graphene, and 3.5 nm
which is indicative of five-layer graphene [Novoselov 2004].
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Exampie 3
A cell was assembled as in Example 1, and operated as follows:

(a) electroiyte: 6.5 M TMA (tetramethylammonium} Cl, 1.4 M LiCl, 20mi DMSQ; 20V potential
applied with constant negative potential applied to graphite for 10 minutes;

(b} electroiyte: 0.5 M TMA CI, 1.4 M LICl, 20mi NMP; 20V potential applied with constant
nagative potential applied to graphite for 1.5 hours.

Hesulis
{(a) The Raman spectrum is shown in Figure 3a.

(b} Raman spectra of the resulting maierial are shown in Figures 3b and 3c. The first
appears 1o be very close 10 few layer graphens and the other one suggestive of less than 3
layer graphene (the width of the 2D peak is 48cm™).

Example 4
A celi was assembied as above having & graphite rod as the working €lectrode, Li as the

counter electrode and Ag/AgCl as a reference electrode. The electrolyte was 1 M. EthCI 1
M LiCl, 0.5 M KC! in 20ml. DMSQ. The potential was held at 2V vs Ag/AgCl for 1 O minutes,
then linearly swept &t 10 mVs™ until -6V, held at -6V for 10 minutes and then swept back to
OV at a rate of 1C mvs. The cycie was repeated 20 times.

About 0.67g of powderwas obtained. The Raman spectrum is shown in Figure da. AFM was
carried out, showing thickness between 1 to 5 nm. SEM {(scanning slectron microscopy)
showed particles size up to 35 microns. TEM images and diffraction patterns showsd a
typical graphene structure with sorme mono layer content.

Exampie 5
A graphite pellet (12 mm diameter, 2 mm thickness, surface area 2.9 em? facing electrolyte)

was used as the cathode, and 0.5 mm diameter Pt wire was employed as the anods. These
were placed in a 50 ml glass container in a8 two terminal cell mode, connected to a
programmable power supply (GW Instek PSP-408)

The initial electrode separation was 10mm. The slecirolvte used was prepared by first
forming & mixture of molten salis {potassium chioride, lithium chioride and friethylamine
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hydrochloride, with a molar ratio 1:2:1). Around 10mi of this mixture was added to 2 fold
DMSO and stirred overnight to achieve a stable suspension.

All the experiments were carried out using constant current chronopotentometry with an
initial current density of 70 mAjem®,

The sample was electrolysed first for 30 minutes, washed was water and dried at 100°C, with
the powder then being pressed into a pellet with the same dimensions as atiove. The new
pellet was wrapped in a porous cotton fabric, and electrolyses as above for 4 hours, The
washing, re-pelfletizing, electrolysis staps were repeated twice more. The powder was then

heated at 500°C under argon {o remove any volatile materials.

Characterisation

Raman spacira were obtained using a Renishaw system 1000 spectromster

coupled to a He-Ne laser (633 nm). The laser spot size was ~1-2 um, and the power was
about 1 mW when the laser is focused on the sampie using an Olympus BH-1

microscope. The SEM images were faken using a Zeiss Leo 1530 FEGSEM. TEM analysis
was conducted using FEI Tecnai FZ0 200Ky FEGTEM.

The measured Raman spectrum (see an example in Fig 5a) has intense 2D bands at 2645
and 2669 cm™, with average FWHM=67cm™' . The 2D/G ratio is 0.75 to 0.9. The intensity of
the G band is significantly higher than that of the [ band, suggesting that the graphene has a
low intensity of defects. TEM images are shown in Figures 5k, 5¢, and 5d. As seen in the
SEM images (Figures Se, 5f and 5qg), the size of the graphene sheets produced ranged from
2um to 10um.
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Claims

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

{a) a negative electrode which is graphitic;

(bYya positive electrode which may be graphitic or another materiak and

(c) an electrolyte which is ions in a solvent where the cations are organic ions.and matal
ions;

and wherein the method comprises the step of passing a current through the celi to produce
the graphene and/or graphite nanoplatelet sfructures at the negative electrode.

P2 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 ardered pyralytic graphite, natural graphite and synihetic graphite.

4, A method according to any one of claims 1 to 3, wherein the organic cations are
alkylammonium cations.

5, A method according fo claim 4, where the alkylammonium cations are tetraalkyl
ammonium.
6. A method accarding to claim 5, wherein the alkylammonium cations are selected from

tetrabutyl ammeoniurn, tetraethylammonium and tetramethy! ammonium.

T. A method according to claim 4, whetein the alkylammonium, cations are trialkyl
ammonium.
8. A method according to claim 7, wherein the alkylammonium cations are selected from

tributyl ammonium, triethylammonium and trimethyl ammonium.

9, A method according to claim 4, wherein the alikylammonium cations are dialkyl
amrmonium.

10. A method according to claim 9, wharein the alkylammonium cations are selected from
dibutyl ammonium, diethylammonium and dimethyl ammonium.
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11. A method according to any one of claims 1 to 10, wherein the metal cations are iron

cations.

12. A method according to any one of claims 1 to 10, wherein the metal cations are tin

cations.

13. A method according to any one of claims 1 to 10, wherein the metal cations are
lithium cations.

14. A method according to any one of the preceding claims, wherein the organic cation or
metal cation has a counteranion wherein the counteranion is selected from chloride,

tetrafluoroborate, perchlorate and hexafiuorophosphate.

15. A method according to any one of the preceding claims, which is carried out a
temperature from 20°C to 100°C.

16. A method according to any one of claims 1 to 15, 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

(¢) collecting the graphene or graphite nanoplatelet structures at the interface of two-

immiscible solvents.

17. A method according to any one of claims 1 to 16, wherein the electrochemically
exfoliated graphene or graphite nanoplatelet structures are further treated using ultrasonic

energy.

18. A method according to any one of claims 1 to 17, wherein the graphite at the negative
electrode is functionalised electrochemically prior to its exfoliation by .oxidation in nitric acid
or fluorination using hydrofluoric acid.



