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We present a non-oxidative production route to few layer graphene via the electrochemical

intercalation of tetraalkylammonium cations into pristine graphite. Two forms of graphite

have been studied as the source material with each yielding a slightly different result.

Highly orientated pyrolytic graphite (HOPG) offers greater advantages in terms of the exfo-

liate size but the source electrode set up introduces difficulties to the procedure and

requires the use of sonication. Using a graphite rod electrode, few layer graphene flakes

(2 nm thickness) are formed directly although the flake diameters from this source are typ-

ically small (ca. 100–200 nm). Significantly, for a solvent based route, the graphite rod does

not require ultrasonication or any secondary physical processing of the resulting disper-

sion. Flakes have been characterized using Raman spectroscopy, atomic force microscopy

(AFM) and X-ray photoelectron spectroscopy (XPS).

� 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, with its honeycomb lattice consisting entirely of

sp2 carbon hybridisation, possesses exceptional electronic

and mechanical characteristics. As well as monolayer, AB

stacked bi-layer and tri-layer graphene have also attracted

major interest and display desirable properties for applica-

tions in electronics [1] and composites [2] in particular.

Since the first report of monolayer graphene by Geim, Nov-

oselov and co-workers [3] in 2004, isolated via the ‘‘scotch

tape’’ method, there have been sustained efforts to find a scal-

able, high yield and high purity production method for graph-

ene. There are currently two accepted approaches to the

‘‘bottom up’’ production of graphene. The first is via growth
from a small molecular carbon source, such as chemical va-

pour deposition (CVD) on a catalytic metal surface, or via epi-

taxial growth from silicon carbide (SiC). The advantage of the

‘‘bottom up’’ approaches is that large areas of graphene are

potentially obtainable. Epitaxial growth offers a limited selec-

tion of substrates however, and the graphene film cannot

readily be transferred from the growth substrate. CVD pro-

vides advantages in this respect, since recent work has shown

success in transferring CVD graphene to various substrates

[4–6]. CVD graphene however is rarely defect free, and the

quality of the film is often inferior to mechanically cleaved

graphene, since the electronic quality of graphene is heavily

dependent on the presence of grain boundaries within the

films. Additionally, with respect to bi-layer and tri-layer
tive Works
source are
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materials, CVD and SiC graphene films tend to be turbostratic

and thus the divergence from AB stacking results in signifi-

cant loss of the unique advantages derived from the structure

of the AB stacked materials [7,8]. Perhaps most significantly,

the comparatively high costs associated with CVD growth of

high quality graphene currently make the route unfeasible

for large scale industrial synthesis [9].

The alternative route to graphene production is via the

exfoliation of a bulk graphite source, as exemplified by the

original micromechanical cleavage of high quality graphite

samples. A scalable analogue of this approach focuses on

solution phase exfoliation of highly ordered and defect free

graphite, which also allows for potential chemical function-

alisation if desired.

The solution phase methods generally involve the produc-

tion of graphene oxide (GO), either by acid exfoliation such as

the Hummers method or by electrochemical oxidative exfoli-

ation of bulk graphite, followed by chemical reduction of the

intermediate GO products [10]. It has been shown that suc-

cessful graphene exfoliation occurs via the GO route, one rea-

son being the relative ease of the technique [11]. The oxygen

containing functional groups formed within the graphene

sheets facilitate the dispersion of the sheets in aqueous and

organic solvents leading to increased yields of exfoliate. How-

ever these oxygen containing functional groups reduce graph-

ene’s electronic conductivity, which cannot be completely

restored upon further chemical reduction thereby losing the

inherent advantages of monolayer graphene [12–14].

Sonication in organic solvents is another plausible route to

graphene production [15], although its disadvantages include

low yields and the large amount of energy associated with

any scale-up of the process. Consequently, a scalable non-oxi-

dative method of graphene production is becoming increas-

ingly desirable.

It has been shown that stable graphene dispersions can be

formed via the (non-electrochemical) intercalation of halogen

compounds followed by various annealing/sonication pro-

cesses. The different molecular dimensions of ICl and IBr

were shown to induce stage-selectivity of the intercalant,

thus leading to controlled bi-layer and tri-layer dispersions,

respectively [1].

Both anions and cations are known to intercalate effec-

tively between the graphene layers in bulk forms of graphite.

It has so far been reported that anionic intercalation success-

fully leads to the exfoliation of the graphite anode. However,

due to the positive potentials required for anionic exfoliation,

this method generally results in functionalised graphene

sheets [11,14,16–22].

The alternative is cationic intercalation, with or without

electrochemical control, which would avoid the formation

of oxidised products, since negative potentials would be re-

quired for the intercalation. Although lithium intercalation

into graphite electrodes is a very well-studied process, be-

cause of the development of lithium-ion battery technology,

the focus of prior research has been on the prevention of

any electrode expansion/exfoliation primarily to increase bat-

tery cycle life [23]. Work by Simonet and co-workers from the

late 1970s describe graphitic electrode expansion work driven

by the intercalation of tetraalkylammonium cations [24,25].
However, in these articles there is no indication of graphite

exfoliation or the subsequent production of graphene.

Much more recently, Sirisaksoontorn et al. [22] have shown

that tetrabutylammonium (TBA) can be chemically interca-

lated into graphitic carbon and is thereby stabilized by the for-

mation of a graphite intercalation complex (GIC). It should be

noted that these GICs were formed via the displacement reac-

tion of TBA cations and a sodium-ethylenediamine complex,

not via controlled electrochemical intercalation. However the

authors of the work state that the intercalated TBA ion sepa-

rates the graphite layers by 0.467 nm, a comparable separa-

tion to TBA intercalation in montmorillonite (0.49 nm) and

molybdenum disulphide (MoS2) (0.52 nm) [26,27]. Electro-

chemical intercalation is a more controlled route for the for-

mation of GICs and enables the intercalated species to be

de-intercalated with relative ease [28–30].

Wang et al. have used cationic intercalation as a pre-treat-

ment to graphite exfoliation [14]. They show exfoliation of

graphite into few-layer graphene flakes via the intercalation

of Li+ complexes and subsequent sonication of the interca-

lated compound. Two issues of concern are the extreme

potentials (�15 ± 5 V) and sonication stage required for exfoli-

ation of the expanded graphite. Other work also looks at a

cathodic pre-treatment stage but work remains to remove

the required sonication step from the process [19,31].

In summary, it is desirable to develop a scalable, high yield

single stage exfoliation route to single layer graphene. We

present an electrochemical intercalation route, which can

yield graphene directly via the intercalation of tetraalkylam-

monium cations, avoiding the sonication process for certain

types of graphite source. Contrast is made with the use of

HOPG electrodes, where a secondary sonication process was

found to be necessary. Significantly, the route presented

avoids the formation of GO thus omitting the undesirable

chemical reduction stage to obtain graphene.

2. Experimental

2.1. Methods and materials

HOPG (SPI-2 grade, 10 · 10 · 1 mm) was obtained from SPI

supplies (West Chester, PA, USA). The following chemicals

were ordered from Sigma–Aldrich and used without further

purification: 1-methyl-2-pyrrolidone (NMP, biotech.

grade P 99.00%), lithium tetrafluoroborate (LiBF4, 99.99%), tet-

ramethylammonium perchlorate (TMAClO4, 99.99%), tetrae-

thylammonium tetrafluoroborate (TEABF4, 99.99%) and

tetrabutylammonium tetrafluoroborate (TBABF4, 99.99%).

‘‘Anodisc’’ 13 mm Alumina membranes (0.02 lm pore size)

were supplied by Whatman (Maidstone, UK).

Electrode materials and cells: as illustrated in Fig. S1 (Sup-

porting information), two types of working electrode (HOPG

and a graphite rod) were employed in the 3-electrode system,

which also consisted of a platinum wire counter electrode

and silver wire (with glass frit) or platinum wire as the pseu-

do-reference electrode. However, to facilitate comparison with

other work, all potentials are quoted with respect to a

Ag/AgClO4 reference electrode, constructed by placing a silver

wire in a solution of 0.01 M AgClO4 and 0.1 M TBAClO4 in NMP.
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The reference solution is separated from the bulk electrolyte by

a glass frit (Vycor�, Scientific and Medical Products Ltd., Chea-

dle, UK) and sealed via heat shrink. For reference, the potential

of the ferrocene couple (FeCp2=FeCpþ2 ) in NMP was found to be

0.428 V vs. Ag/AgClO4. Tetraalkylammonium cations were cho-

sen as the intercalating species. Tetramethylammonium per-

chlorate (TMA ClO4), tetraethylammonium tetrafluoroborate

(TEA BF4), and tetrabutylammonium tetrafluoroborate (TBA

BF4), were employed as electrolytes. The electrolyte (0.1 M)

was dissolved in NMP (10 mL) in a 3-neck round bottom flask.

All potentials were controlled by a PGSTAT100 potentiostat

(Autolab, Utrecht, The Netherlands) using Autolab GPES soft-

ware. All solutions were saturated with argon for ca. 20 min

prior to electrochemical treatment and analysis.

Voltammetry was performed using a scan rate of 0.1 V s�1

in all cases. The potentials observed in the cyclic voltammetry

(CV) were used to define those set in chronoamperometric

mode to control the intercalation processes. Following elec-

trochemical intercalation, the expanded HOPG was removed

and sonicated (Elma ELMASONIC P70H) in pure NMP (10 mL)

at approximately 100 W for a range of times (between 1 min

and 12 h). Electrochemical cell temperatures were controlled

via a Grant GD100 water bath. Sonicated samples were then

centrifuged (SIGMA 2–16, SIGMA Laborzentrifugen, Osterode

am Harz, Germany) at 13,500 rpm for 30 min and the superna-

tant decanted and left to stand in a separate sample vial for

24 h. From this dispersion, a 2 mL aliquot was filtered through

the ‘‘Anodisc’’ alumina membranes. The exfoliation products

remaining on the membranes were washed with acetone and

air dried before being directly analysed via Raman spectros-

copy using a 633 nm excitation wavelength (Renishaw RL633

Class 3B 20 mW HeNe laser) at 10% intensity. The Raman

spectrometer was a Renishaw Mk1 System 2000 RM fitted

with an Olympus BH2 microscope.

XPS data was collected on a Thermo Scientific K-Alpha

spectrometer, using a monochromatic AlKa X-ray source

operated at 100 W. The analysis area was 300 lm2 and charge

neutralisation was used for all analysis.

For all graphite rod experiments, the exfoliate dispersion

was removed and left to settle for 48 h. The supernatant

was decanted and placed in a separate vial. Of this dispersion,

a 2 mL aliquot was removed, filtered and analysed via Raman

spectroscopy and AFM. For AFM measurements, and subse-

quent Raman analysis, a 1 mL aliquot of the supernatant

was removed and pipetted onto oxidised silicon (Si/SiO2) wa-

fers pre-heated to ca. 200 �C. The solvent was removed via

evaporation in a vacuum oven and the wafer washed with

acetone to remove any residual electrolyte. The silicon sub-

strates and exfoliate were left to dry in air for 1 h prior to

AFM analysis, which was conducted on an Asylum Research

MFP3D-SA microscope.
3. Results

3.1. Preliminary HOPG cyclic voltammetry (CV)

NMP has been chosen as the intercalating solvent for this

study because it has previously been found to disperse

graphene readily in sonication experiments [15]. NMP is also
an excellent solvent for electrochemical investigations due

to its large accessible potential window and relatively low tox-

icity [32].

LiBF4 was used as the initial electrolyte in NMP (10 mL).

The applied potential of the HOPG working electrode

(3 · 10 · 0.5 mm) was swept between 0.0 V and �6.0 V using

CV (Fig. 1a).

Scanning from 0 to �6 V resulted in a clear cathodic peak

current associated with the intercalation of Li+ into the graph-

ite electrode. Subsequently, on the reverse scan an anodic

peak current is observed which is associated with the de-

intercalation of Li+, following its intercalation between the

layers of HOPG [33,34]. This intercalation/de-intercalation

process is a very well known, structurally reversible process.

No visible expansion was observed for the HOPG electrode,

which is consistent with the crystallographic diameter of Li+

(0.146 nm), being smaller than the HOPG interlayer spacing

(0.354 nm) [35,36]. Successive scans did yield a steady de-

crease in the peak currents, which we attribute to solvent/

electrolyte breakdown at large negative potentials, noting

that the experiments were not performed in an environment

where water and oxygen where rigorously excluded. Addi-

tionally, the intercalation peak at ca. �5 V can be seen to shift

to more positive potentials on successive scanning and even-

tually settles at ca. �4 V. It was possible to obtain repeatable

voltammetric scans (Fig. 1b) by scanning over a smaller po-

tential range to ensure a lesser degree of intercalation/de-

intercalation and thereby minimizing the effects of electro-

lyte decomposition.

The same experiments were repeated with various tetraal-

kylammonium cations and a notable change in the voltam-

metric response can be observed (Fig. 1c and Figs. S2 and

S3). With the HOPG WE, a cathodic peak current becomes

apparent at ca. �2.0 V vs. Ag/AgClO4. This is associated with

the intercalation of the tetraalkylammonium cation and sub-

sequent formation of some GIC [22]. It is thought that the GIC

is stabilised by the neighbouring graphene sheets. As in the

Li+ intercalation case, the anodic peak is also visible.

With the Pt WE it can be clearly seen that all three tetraal-

kylammonium ions yield no specific current processes on the

reductive scan, other than a general increase of background

current (black line). This is due to reduction/decomposition

of the electrolyte and/or solvent [37] and has been treated

as the negative limit of the workable potential window. There

is no oxidative response visible on the reverse scan in the Pt

electrode case, which indicates that tetraalkylammonium

reduction is irreversible on the Pt surface under these condi-

tions [37,38], therefore the observation of the anodic current

in the case of the graphite electrode implies that the reduc-

tion products are stabilized by intercalation.

In the HOPG cases, (Fig. 1, Figs. S2 and S3) it should also be

noted that successive scans do not yield repeatable current

responses. This is due to the continually changing working

electrode structure, as the HOPG is seen to expand and fan

out as a result of structurally-irreversible intercalation/de-

intercalation. The difference between the absolute currents

of the platinum wire and the HOPG electrode is attributed to

the difference in the working area of the electrode i.e. the area

of the electrode exposed to the electrolyte. This was con-

firmed by fabrication of a graphite rod with a 3 mm working



Fig. 1 – CVs of HOPG WE, Pt CE in 0.1 M electrolyte in NMP recorded at scan rates of 0.1 V s�1 at 25 �C, (a) and (b) Li+

intercalation from LiBF4, (c) TEA+ intercalation from TEABF4 (Pt WE, black line). HOPG working electrode measured

approximately 3 · 10 · 0.5 mm. (A colour version of this figure can be viewed online.)
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diameter compared to a glassy carbon (GC) electrode of the

same diameter. Both electrodes displayed equal absolute cur-

rents at �4 V vs. Ag/AgClO4 (Fig. S4).

3.2. HOPG intercalation and subsequent expansion

The potentials observed in the CV response were used to de-

fine those set in chronoamperometric mode to control the

intercalation processes. From this, a potential of �5.0 V was

applied to the HOPG working electrode for 6000 s and the de-

gree of expansion recorded. Here �5.0 V was applied, rather

than �4.0 V, so that the potential applied exceeded the inter-

calation peak and ensured complete intercalation of the cat-

ionic species. The HOPG expansion rate was found to be

twice as fast with TBA as with TEA (Fig. 2a–c). Visual expan-

sion of the HOPG electrode was not observed with TMA over

these time periods. With TEA and TBA, the electrode was

found to fan out from the point of contact with the tweezers

and electrode fracture often began to occur after 6000 s

(Fig. 2d and e).

Fig. 2f shows the effect of TBA intercalation on the HOPG

structure with distortion of the planes by micron-sized pores,

created by the intercalation of TBA and TEA. The planes do

not separate uniformly, which may be due to the bulky nature

of the cations and/or the Van der Waals forces holding the

planes together. Fig. 2g shows a portion of HOPG which has
been submerged in the electrolyte (right hand side) compared

to a portion not exposed to the electrolyte (left hand side). The

planes can be clearly seen to be exfoliating as a result of expo-

sure to the electrolyte.

3.3. HOPG expansion–X-ray Diffraction (XRD)

XRD analysis was conducted on fresh HOPG (Fig. 3a) and

intercalated HOPG samples (Fig. 3b) to investigate the degree

of intercalation with respect to inter-planar gallery expan-

sion. Heavily expanded samples resulted in diffraction pat-

terns with a large broad peak in the 2h = 10–25� region,

indicating an almost complete loss of structural crystallinity

created from the intercalated species (Fig. S5), however sam-

ples expanded for less than 3000 s retained sharp peaks in

their diffraction patterns. For pristine HOPG, the (002) peak

at 2h = 26� corresponds to the inter-planar spacing of HOPG

and has a calculated d-spacing of 0.335 nm, as expected

(Fig. 3a). It can be seen that the TEA intercalated HOPG sample

developed peaks in the 2h = 10–25� region in comparison to

the same region for as prepared HOPG, which appeared fea-

tureless. These new peaks correspond to a range of new d

spacings (0.375, 0.387, 0.453, 0.531 and 0.663 nm) shown in

the inset of Fig. 3b, noting that 0.663 nm is a similar size to

the TEA cation diameter (0.674 nm) [35]. The non-uniform

expansion of the galleries is also reflected in the broadening



Fig. 2 – (a) Photographs of as prepared HOPG, (b) HOPG expansion after 1000 s TEA+ intercalation, (c) HOPG expansion after

1000 s TBA+ intercalation, (a–c scale in mm) (d) HOPG expansion after 10,000 s TBA+ intercalation, (e) SEM image of HOPG

expansion after 6000 s TBA intercalation, (f) SEM image showing micron sized pores in HOPG after TBA intercalation, (g) SEM

image showing selective exfoliation of HOPG electrode: the point on a HOPG electrode that was held by tweezers (left hand

side) whilst the rest of the electrode (right hand side) was submerged. (A colour version of this figure can be viewed online.)
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and intensity decrease of the (002) peak (and subsequent

(004) and (006) peaks) and it is thought this arises as a result

of the flexibility of the TEA cation.

Additionally, a regular peak at 2h = 30� appeared on all ex-

panded samples and was prominent enough also to appear as

overtones. This peak corresponds to galleries with smaller d

spacings than 0.335 nm (gallery contraction) and may be

attributed to planes narrowing as a result of neighbouring

planes separating.

3.4. HOPG exfoliation

HOPG electrochemical expansion was not accompanied by

observable electrode exfoliation and no visible flakes were

found on alumina membranes following filtration of the elec-

trolyte solution. Expanded HOPG was transferred to a vial of

pure NMP for 6 h sonication, at approximately 100 W to facil-
itate HOPG exfoliation. The vials were centrifuged (13,500 rpm

for 30 min), filtered and flakes analysed via Raman

spectroscopy.

Fig. 4 shows the Raman 2D bands associated with three

typical flakes obtained via TBA intercalation. Freshly cleaved

HOPG can be seen to produce the characteristic Raman 2D

signal of graphite, as expected. The TBA derived flakes show

a shift in the 2D band and are estimated to be between 2

and 5 layers in thickness, as indicated by the symmetrical

Lorentzian shape of the 2D band at ca. 2660 cm�1 [39]. This

is in contrast to the 2D band associated with bulk graphite

(>10 layers).

HOPG has been found not to exfoliate directly while it is

physically connected to the electrochemical cell. An addi-

tional sonication stage is needed to provide the energy re-

quired to split the layers completely. However, it has been

found that an electrochemical intercalation pre-step can



Fig. 3 – XRD pattern for (a) as prepared HOPG, (b) HOPG after intercalated with TEA+ for 2000 s, inset in (b) is a magnified view

of the small angle peaks in (b). (A colour version of this figure can be viewed online.)

Fig. 4 – Comparative Raman spectra of as prepared HOPG

and exfoliated flakes: Line 1: as prepared HOPG; Lines 2–4:

typical 2D signals acquired from TBA+ intercalated HOPG for

6000 s at�5.0 V followed by 6 h sonication. (A colour version

of this figure can be viewed online.)
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facilitate the exfoliation of HOPG into fewer layers. The

electrode connection and/or the large HOPG grain size of

0.5–1.0 mm (cf. graphite rod grain size 2–5 lm), inherently pre-

vent the complete exfoliation of the material. The diffusion
coefficient of Li+ into HOPG has been found to be on the order

of 10�7 cm2 s�1 [34], which would require complete exfoliation

times exceeding ca. 30 h due to the relatively large grain sizes.

As a comparison, it was noted that as prepared HOPG, son-

icated for 6 h at approximately 100 W, displayed no visible

exfoliation products.

3.5. Graphite rod exfoliation

The same initial electrochemical procedure was repeated

using a graphite rod electrode. CVs were run (Fig. S4) and gave

equal absolute anodic currents (�1.4 mA) to the comparable

HOPG electrode. It was found that the graphite rod exfoliated

without the need for sonication when intercalating TMA, TEA

and TBA. Initially, �5 V was applied to the graphite rod for a

total period of 6 h. Direct electrode exfoliation was observed

after as little as two CV cycles and, as shown in Fig. 5, exfoli-

ate could be seen clearly falling as a stream from the graphite

cathode over a period of 60,000 s. The visible exfoliate ranged

from dark graphite-like fragments to barely visible particles.

Fig. S6 shows the same experiments with LiBF4 and it can

be seen that no exfoliation of the graphite rod occurs even

after prolonged intercalation times, although a grey precipi-

tate was seen on the electrode (Fig. S7).



Fig. 6 – Fresh NMP (left), dispersions of graphite rod after

12 h intercalation of TMA at �2.4 V (centre) and �2.6 V

(right), which in both cases had then been left to rest for

48 h. (A colour version of this figure can be viewed online.)

Fig. 5 – Successive intercalation every 10,000 s showing successful electrochemical exfoliation of a graphite rod using TEA+.

Intercalation at �5 V applied for a total of 60,000 s. Pt CE and Pt RE. Exfoliate can be seen in the bottom of the cell. (a) 10,000 s,

(b) 20,000 s, (c) 30,000 s, (d) 40,000 s, (e) 50,000 s and (f) 60,000 s. (A colour version of this figure can be viewed online.)

346 C A R B O N 6 6 ( 2 0 1 4 ) 3 4 0 – 3 5 0
It was found that graphite rod exfoliation by TMA occurred

at a minimum potential of �2.4 V (vs. Ag/AgClO4). Potentials

of �2.4 V and �2.6 V were applied to the graphite rod for

24 h using TMAClO4 as electrolyte. Graphitic exfoliate was vis-

ible to the eye and the resulting dispersions, having been left

to stand for 48 h, were photographed (Fig. 6). A small aliquot

of the supernatant was removed and pipetted onto a Si/SiO2

wafer for AFM analysis. The samples were heated to 200 �C
to ensure complete solvent evaporation. It was assumed that

any few layer materials would disperse readily in the NMP

and the heavier graphite-like material would settle spontane-

ously, consequently centrifugation was not performed on

these samples.

AFM analysis of exfoliate dropped directly onto Si/SiO2

shows isolated graphene flakes, Fig. 7a. A larger area scan,

Fig. 7b, illustrates the distribution of graphene flake sizes.

The flakes are of a variety of shapes and sizes but, as the

height profiles of Fig. 7c and e show, they are of fairly uniform

thickness.

We believe the reasons for the narrow distribution of flake

heights result from intercalation occurring at best every 2–5

layers, due to the size and relative inflexibility of the TMA cat-

ion. This size exclusion effect prevents intercalation between

every pair of neighbouring graphene sheets and thus acts as a

barrier to the production of thinner flake material. Because of

this, thinner exfoliated material was not present in the AFM

analysis. Additionally, the 48 h dispersion resting time prior
to AFM allows thicker graphitic material to settle and is not

included in the analysis leaving the thinnest flakes (observed)

in dispersion.



Fig. 7 – AFM images of flakes prepared via 12 h TMA intercalation (�2.4 V) and subsequent exfoliation of the graphite rod. (a)

Zoom in of representative 2.5 lm · 2.5 lm area showing AFM traces, (b) micrograph of typical 20 · 20 lm area of Si/SiO2

substrate supporting flakes, (c) corresponding height measurements of red traced path in (a), (d) flake thickness (nm)

distribution of 456 graphene islands, (e) corresponding height measurements of green traced path in (a), (f) flake area

distributions (mz, (20 · 10�15 m)1/2 corresponds to 140 nm) of 456 graphene islands. (A colour version of this figure can be

viewed online.)
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Statistical analysis of the roughly 500 graphene flakes vis-

ible in this image shows that the typical thickness of the

graphene flakes is around 1.8 nm, Fig. 7d. Most of the graph-

ene flakes have a diameter of 100–200 nm (corresponding to

an area of 1 · 104�4 · 104 nm2), Fig. 7f. A few larger, microme-

tre size flakes are observed, but these are typically thicker.

Flake counting revealed an estimated yield of ca. 16 flakes

per square micron.

The concentration of the few-layer graphene dispersion

(TMA exfoliated, 12 h) was estimated to be on the order of

0.01 mg mL�1 as calculated via UV–Vis absorption and the

use of the Lambert–Beer relationship. The dispersion was

placed in a quartz cuvette with a 2 mm cell length and the

absorbance measured at 660 nm vs. a reference solution of

0.1 M TMAClO4 electrolyte in NMP. The absorption coefficient,

2.46 · 103 L g�1 m�1, was the value previously quoted by Cole-

man et al. [15] for few layer graphene dispersions (<5 layers)

and an absorbance of 0.058 was recorded, corresponding to

a concentration of 11.8 lg mL�1.

Fig. 8a shows the full Raman spectra acquired from the

graphite rod prior to electrochemical intercalation and from

a TBA exfoliated flake. It can be seen that the 2D band has

shifted from ca. 2670 cm�1 to ca. 2650 cm�1. Additionally,
there is a slight negative shift in the G peak by approximately

20 cm�1. Both these shifts are attributed to thinner flake

graphene material, estimated to be between 2 and 5 layers.

The I2D/IG value decreases from ca. 0.68 to ca. 0.64. This small

value is thought to be a result of the relatively large D peaks,

since it has been reported that an increasing ID/IG, resulting

from edge defects, can have an inverse effect on the ratio

I2D/IG [40]. Additionally, the D peak at ca. 1350 cm�1 is often

present. The presence of this D peak is thought to be a func-

tion of the edge defects present on the flakes, rather than a

loss of sp2 bonding, since flake lateral sizes were typically

smaller than the laser spot diameter (ca. 2 lm). It was thus

not possible to exclude all of the flake edges from the analysis

and a D peak was always observed.

Fig. 8b shows the 2D signals acquired from three different

flakes obtained from 12 h TBA intercalation. Again it can be

seen that the 2D band position has moved from ca.

2670 cm�1 to ca. 2650 cm�1 for the flakes exfoliated from the

original graphite rod.

Finally, to probe the degree of flake functionalisation in the

electrochemical procedure, XPS was conducted on exfoliated

flakes as prepared via graphite rod exfoliation (Fig. 9a–d). The

exfoliated flakes were washed with ethanol/pure NMP and



Fig. 8 – (a) Raman spectra of graphite rod pre intercalation (red) and exfoliate (black), (b) Raman 2D signals from as prepared

graphite rod (G) and three typical exfoliated flakes (1, 2, 3). (A colour version of this figure can be viewed online.)

Fig. 9 – (a) XPS survey spectrum and (b) C1s spectrum of graphite rod exfoliation.
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oven dried. Flakes were stored in sealed boxed (containing air)

directly after isolation for 1 week until XPS was available. The

original graphite rod was ball milled and also analysed with

XPS as a powder. The XPS data collected from the exfoliate

powder showed that the sample consisted of ca. 8% oxygen

and ca. 92% carbon (Fig. 9a). Analysis of the ball milled graph-

ite rod, prior to any electrochemical treatment, was found to

consist of 5.4% oxygen (Fig. S8c). This <3% increase in oxygen

content may have been introduced during the washing proce-

dure or from atmospheric exposure during the waiting time

prior to XPS analysis, since no oxidative process was involved

in the electrochemical procedure. Closer inspection of the C1s

peak (Fig. 9b) shows the peak can be fitted reasonably well to

five Lorentzian functions corresponding to five different car-

bon states of different binding energies. The main peak at

284.3 eV corresponds to sp2 carbon and accounts for ca. 70%

of the carbon peak and a smaller peak at 285.3 eV indicates

a degree of sp3 carbon, accounting for 9.6% of the C1s peak.

The two carbon–oxygen peaks (C–O and C@O) are found at

286.5 eV and 287.9 eV, respectively, and have a total contribu-
tion of 15.95% of the C1s peak [14,23,41–43]. Finally a p–p* res-

onance peak is observed at 291.2 eV and is associated with

graphitic materials. Additionally, XPS showed a negligible

amount of nitrogen on the sample (Fig. S8a) [43].

4. Conclusions

Herein we present a controlled method for the production of

few-layer graphene. It is thought that HOPG, although struc-

turally ideal for exfoliation, presents problems due to the nat-

ure of the electrode set up. For HOPG, TBA was found to be the

most effective cation for electrode expansion, followed by

TEA. This can be explained by the respective cationic diame-

ters: 0.558 nm (TMA), 0.674 nm (TEA), and 0.826 nm (TBA)

[35,36] which are slightly larger than the interlayer spacing

of HOPG: 0.354 nm. Although TBA is almost three times the

size of the graphene interplanar spacing, the intercalation is

permitted due to flexibility of the alkyl groups and the ability

of the TBA ion to flatten between the graphene sheets [22].

Lithium tetrafluoroborate LiBF4 was also used as an additional
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comparative electrolyte, with a cationic diameter of 0.146 nm

[35,36]. It should be highlighted that Li+ containing electro-

lytes did not result in exfoliation of HOPG or the graphite

rod which strongly suggests the cationic diameter is a key fac-

tor in the successful exfoliation.

Electrode expansion was significantly more noticeable with

an HOPG electrode than with a graphite rod electrode and it is

suspected that HOPG’s affinity for expansion is a result of its

high anisotropy, since the crystallographic orientation of

HOPG is extremely uniform in comparison to the synthesized

rods. The intercalated tetraalkylammonium cations are not

solely able to expand the HOPG electrode to breaking point

due to HOPG’s high crystal orientation and hence sonication

is necessary to overcome this additional binding energy.

Alternatively, it is shown that electrochemical intercala-

tion of tetraalkylammonium cations into a graphite rod di-

rectly yields few layer graphene (between 2 and 5 layers

with TMA) and does not require any additional exfoliation

step. This is due to the relatively random orientation of the

graphite flakes in the graphite rod. The additional binding en-

ergy as a result of high crystallographic orientation, as seen in

HOPG, is not present in the graphite rod and is reflected by the

relative ease with which graphite rods exfoliate and the lack

of observed expansion.

The XPS data acquired suggests that a 3% increase in the

oxygen content is introduced at some stage during the proce-

dure. Since it is unlikely that oxidative processes are occurring

within the experimental potential region, the introduction of

oxygen is suspected to arise as a result of the washing proce-

dure, and subsequent handling, rather than during cathodic

treatment of the graphite. It is believed that although the wait-

ing time between flake isolation and flake characterization

might have a small oxidizing effect on the flakes due to expo-

sure to air, it is not thought to affect AFM results significantly.

Work remains to improve the calculated 11.8 lg mL�1 con-

centration of few-layer graphene material in dispersion and

to optimize the lateral flake sizes of the exfoliated graphene

sheets, however flake quality appears to be acceptable (AFM

deduced average size and thickness distributions: 100–

200 nm and 1.8 nm respectively). The small flake sizes ob-

tained with this method may be attributed to the small crys-

tallite size of the graphite making up the rod (2–5 lm).

Nonetheless, this single stage electrochemical route consti-

tutes a viable option for the production of few-layer graphene

due to its minimal energy requirements and relative ease of

operation.
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