
Chapter 3
The Electrochemistry of Graphene

When the seagulls follow the trawler, it’s because they think
sardines will be thrown into the sea. Thank you very much.

King Eric (Cantona)

In this chapter we overview recent developments made by researchers to funda-
mentally understand the electrochemical behaviour of graphene as an electrode
material. However, before considering graphene, it is insightful to first overview
graphite and other graphitic surfaces, where a significant amount of information
has been gathered over many decades of research, which can be built upon and
applied to developing insights into graphene electrochemistry.

3.1 Fundamental Electrochemistry of Graphite

Carbon based electrode materials have long been utilised within electrochemistry
and have out-performed the traditional noble metals in many significant areas,
resulting in them being at the forefront of innovation in this field [1]. This diverse and
sustained success is due to carbons structural polymorphism, chemical stability, low
cost, wide operable potential windows, relative inert electrochemistry, rich surface
chemistry and electro-catalytic activities for a variety of redox reactions [1, 2].

Graphite surfaces are heterogeneous (anisotropic) in nature, with the overall
chemical and electrochemical reactivity differing greatly between two distinct
structural contributions which are fundamental to the behaviour of graphitic
electrodes, namely the edge and basal planes [1]. As mentioned in Chap. 2, the
intraplanar (La, or basal plane) and interplanar (Lc, or edge plane) microcrystallic
values define distinct structural characteristics of carbon materials (see for
example Fig. 3.3), with Highly Ordered Pyrolytic Graphite (HOPG) exhibiting the
largest graphite monocrystals; which are found in high quality (ZYA and SPI-1
grade) HOPG. Pyrolytic graphite is a graphitic material with a high degree of
preferred crystallographic orientation of the c-axes perpendicular to the surface
of the substrate (see Fig. 3.1) and is obtained by graphitisation heat treatment of
pyrolytic carbon or by Chemical Vapour Deposition (CVD) at extremely high
temperatures (*2,500 �K). The hot working of pyrolytic graphite by annealing
under compressive stress at high temperatures produces HOPG. The crystal
structure of HOPG is shown in Fig. 3.1 which is characterised by an arrangement
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of carbon atoms in stacked parallel layers, where the graphite structure is described
by the alternate succession of these identical staked planes. Carbon atoms within a
single plane of graphite have a stronger interaction than with those from adjacent
planes (which explains the cleaving behaviour of graphite). Note that a sin-
gle-atom thick form of carbon is known as graphene, where the lattice consists of
two equivalent interpenetrating triangular carbon sub-lattices denoted A and B (see
Fig. 3.1) where each one contains a half of the carbon atoms. Each atom within a
single plane has three nearest neighbours: the sites of one sub-lattice (A—marked
by the red layer in Fig. 3.1) are at the centres of triangles defined by three nearest
neighbours of the other one (B—marked by the blue layer in Fig. 3.1). The lattice
of graphene has two carbon atoms, designated A and B, per unit cell, and is
invariant under 120� rotation around any lattice site.

The term ‘‘mosaic spread’’ is used to characterise the quality of HOPG which
is performed via X-ray crystallography with CuKa radiation by measuring

Fig. 3.1 A schematic representation of the structure of a bulk hexagonal graphite crystal
showing the bulk unit cell. Side insets: Top view of the basal plane of graphite and a schematic
representation of the surface structure (carbon atoms) of graphite, where every other atom is
enhanced (right-side inset) and viewed under ideal conditions, and where every single atom is
seen (left-side inset). Figure reproduced from Ref. [3]
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(in degrees) a Full Width at Half Maximum (FWHM) of the rocking curve. Dis-
order in the HOPG produces broadening of the (002) diffraction peak where the
more disorder, the wider the peak becomes. The measured value of the mosaic
spread depends not only on crystal quality, but also on the energy and the cross
section of the reflected beam. Figure 3.2a depicts a picture of a commercially
obtainable HOPG ‘slab’ which in this case is ‘Grade SPI-1’, which has the tightest
mosaic spread of 0.4� (±0.1�) demonstrating outstanding crystalline perfection.
Note that the ZYB, ZYD and ZYH grade HOPG results in mosaic spread values of
0.8� (±0.2�), 1.5� (±0.3�) and 3.5� (±0.5�) respectively.

Shown in Fig. 3.2 is a top-down schematic representation of the HOPG surface,
which depicts the discrete edge plane and basal plane islands, and a side on view
highlighting the edge plane and basal plane like- sites/defects which are defined by
the quality of the chosen HOPG. Also shown in Fig. 3.2d is a Scanning Tunnelling
Microscopy (STM) image of a HOPG surface, highlighting the hexagonal crystal
structure. Note that in terms of the electrochemical performance of graphitic
materials, it has been deduced (see Sect. 3.1.2) that the electrochemical activity of
edge and basal planes is distinct such that electrochemical reactions on the edge

Fig. 3.2 a Image of a commercially available slab of HOPG. b Schematic representation of the
side on view of a HOPG surface, highlighting its basal plane and edge plane like- sites/defects
which exhibit contrasting behaviours in terms of electrochemical activity, where electron transfer
kinetics of the latter are overwhelmingly dominant over that of the former which in comparison
are relatively (electrochemically) inert. c A schematic representation of a HOPG surface showing
the discrete basal plane and edge plane islands. d A typical STM image of a HOPG surface with
the corresponding fragment of the graphene structure superimposed
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Fig. 3.3 The approximate ranges of La and Lc values for various sp2 carbon materials. Note,
there is large variation of La and Lc with sample history and thus the values shown should be
considered representative, yet approximate. *: Pristine graphene; commercially available from
‘Graphene Supermarket’, produced via a substrate-free gas-phase synthesis method. [7, 8] �:
Chemically exfoliated graphene; commercially available from ‘NanoIntegris’, produced via a
surfactant intercalation process—note that this range is also representative of graphene produced
through other chemical exfoliation routes such as the reduction of GO. [9, 10] �: Mechanically
exfoliated graphene was fabricated through the so-called ‘scotch tape method’. Note that
graphene synthesised via CVD has been excluded given that crystal size and quality are large
variables through this route, however single graphene crystals with dimensions of up to 0.5 mm
have been reported. [11, 12] A schematic representation of the La and Lc microcrystalline
characteristics of graphene and HOPG is also shown. Reproduced from Ref. [13] with permission
from The Royal Society of Chemistry
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plane like- sites/defects are anomalously faster (exhibit greater reactivity) over that
of the basal planes [4–6]. In terms of relating this to other carbon allotropes,
Fig. 3.3 shows the range of La and Lc values for a collection of other graphitic
forms where it is evident that HOPG has La and Lc values exceeding 1 lm while
polycrystalline graphite has values from 10 to 100 nm and carbon from 1 to
10 nm. Graphene, which is readily obtainable from a range of commercial sup-
pliers is also included, highlighting the variation in structure that can be obtained,
which is of course dependant on the fabrication methodology; with La values for
graphene ranging from below 50 up to 3,000 nm and larger, and of course true
(monolayer) graphene possesses an Lc value of 0.34 nm.

3.1.1 The Electronic Properties (DOS) of Graphitic
Materials

An important parameter of an electrode material is its electronic properties,
namely, the Density Of electronic States (DOS) which varies greatly on the dif-
ferent forms of graphite. Gold typically has a DOS of 0.28 states atom-1 eV-1

with the high conductivity of gold arising from the combination of a high pro-
portion of atomic orbitals to form bands with a high density of electronic states [1].
For a given electrode material, a higher DOS increases the possibility that an
electron of the correct energy is available for the electrode to transfer to an
electroactive species; the heterogeneous electron transfer rate is thus dependent on
the DOS of the electrode material [1]. HOPG has a DOS which overall is lower
than that of metal, but is particularly low near the Fermi level and has been
reported to have a minimum DOS of around 0.0022 states atom-1 eV-1, which is
about 0.8 % that of gold [1].

The DOS at graphitic materials can be increased through disorder such that
electroactive species exhibit increasing electron transfer rates but by varying
amounts. In terms of outer-sphere electron transfer systems, disorder increases the
rate by modifying the electronic structure of the carbon while for inner-sphere
systems, specific surface interactions also contribute (see later, Box 3.1) [14].
A perfect/pristine basal surface of HOPG has no edge plane (in theory), no
location for surface functional groups and there are no dangling bonds since the
carbon atoms have satisfied valances [1]. When disorder is introduced, such as
through mechanical roughening of the electrode surface, the surface is disturbed
such that surface defects are introduced, viz edge plane sites, which increase the
DOS [1]. A further extreme is the complete change of a graphitic surface to a
different structural composition (La and Lc; see Figs. 3.2 and 3.3) towards that of
Edge Plane Pyrolytic Graphite (EPPG) which has a high proportion of edge plane
sites and thus improvements in electron transfer are observed [1, 13].

Electronic properties of graphitic materials are thus highly relevant and critical,
where the energy-dependant densities of electronic states have major effects on
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electron transfer. Note that graphitic materials differ greatly in their surface
chemistry, which is also critical when understanding electrochemical processes at
these materials [1]. Such insights from graphitic materials can be applied for the
case of graphene. In terms of the DOS for graphene, insights from HOPG (multiple
layers of graphene) can be illuminating to understand its electrochemical reac-
tivity. For a diffusional outer-sphere electron transfer process, the standard elec-
trochemical rate constant, k0, can be defined as [15, 16]:

ko ¼
ð2pÞ2q H0

DA

� �2

bhð4pKÞ1=2
exp �K

4

� �
Iðh;KÞ ð3:1Þ

where q is the density of electronic states in the electrode material, Ho
DA is the

electronic coupling matrix at the closest distance of approach, K ¼ F=RTð Þk,
where k is the reorganisation energy, b is its associated electronic coupling
attenuation coefficient, h is Planck’s constant, F is the Faraday constant, R the gas
constant and T the absolute temperature. I h;Kð Þ is an integral give by [16]:

I h;Kð Þ ¼ Z1

�1

exp � e� hð Þ2=4K
h i

2cosh e=2½ � dE ð3:2Þ

where h ¼ F=RTðE � E0
f Þ, and E0

f is the formal potential. Thus from inspection of
Eq. (3.1) there is a direct relationship between the DOS and the standard elec-
trochemical rate constant (ko). Thus this can be interpreted for graphite as the DOS
varies significantly as a function of energy with a minimum at the Fermi level [16].
For example, it has been shown that electron transfer is non-adiabatic and that the
rate of electron transfer varies as a function of the applied potential, as is evident
from inspection of Eq. (3.1) for outer-sphere redox systems [16].

It has been reported that the basal plane of pristine graphene has a DOS of 0 at
the Fermi level, which was shown to increase with edge plane defects [17–19].
Conversely the edge plane sites on graphene nanoribbon’s zigzag edge have been
reported to possess a high DOS [19]. Other work has shown that depending on how
the edge of graphene terminates, [20] a variable DOS is observed [21]. Thus,
graphene, a single layer comprising HOPG, should in theory act similar in terms of
its DOS to that observed for HOPG (see above); that is, pristine graphene with no
defects should exhibit poor electrochemical behaviour and on the contrary
graphene possessing a high degree of defects should exhibit improvements in the
observed electrochemical rate constant.

There is a wealth of literature on graphene which reports that the edge of
graphene is particularly more reactive than its side (basal plane). For example,
using Raman spectroscopy Strano and co-workers [22] report the reactivity of
graphene, that being single-, double-, few- and multi-layer towards electron transfer
chemistries with 4-nitrobenzenediazonium tetrafluoroborate. Strano et al. [22]
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interpret their observations with consideration to the Gerischer-Marcus theory
which states that the charge transfer depends on the electronic DOS of the reacting
species and is not restricted to their Fermi levels only. The observed electron-
transfer reaction rate (kOBS

Graphene) is given by Eq. (3.3) where WOX k;Eð Þ is the dis-
tribution of the unoccupied redox states of the electron acceptor in solution given by
Eq. (3.4). The DOSGraphene N¼1=N¼2ð Þ is the electronic density of states of graphene
for N = 1, and of double layer graphene for N = 2 and eOX is the proportionality
function [22].

kOBS
Graphene ¼ tn ¼

Z
EGraphene

F

Eredox

eOX Eð ÞDOSGraphene N¼1=N¼2ð Þ Eð ÞWOX k;Eð ÞdE ð3:3Þ

WOX k;Eð Þ ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkkT
p exp � k� E � Eredoxð Þð Þ2

4kkT

 !

ð3:4Þ

Calculations presented by Strano et al. suggest that double layer graphene is
almost 1.6 times more reactive than single layer graphene [22]. Thus based on the
DOS, it is clear that double layer graphene (or further graphitic structures con-
sisting of multiple graphene layers) is more reactive than single layer graphene,
which has clear implications for graphene as an electrode material; it is this we
explore in more detail in Sect. 3.2.

Fig. 3.4 a Schematic
representation of an
electrochemical reaction
occurring on the same
electrode surface with
different Butler-Volmer
characteristics; and a top-
down perspective (b)
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3.1.2 Electrochemistry of Heterogeneous Graphitic Surfaces

The electrochemical characteristics and reactivity of HOPG has been fully
understood by Compton and co-workers, [5] who have shown convincing evidence
that edge plane sites/defects are the predominant origin of electrochemical activity.
Figure 3.4a shows a schematic representation of the heterogeneous HOPG surface
(see Fig. 3.2b and c) which has the two distinctive structural contributions, namely
edge plane and basal plane sites, each with their own electrochemical activity and
thus differing Butler-Volmer terms, ko and a.

Using a simple redox couple, Fig. 3.5 depicts the voltammetry obtained when
using either a Basal Plane Pyrolytic Graphite (BPPG) (i) or (ii) an EPPG electrode
of HOPG, and the responses are compared with numerical simulations (iii)
assuming linear diffusion only, in that, all parts of the electrode surface are uni-
formly (incorrectly) electrochemically active. Two features of Fig. 3.5 are to be

Fig. 3.5 Cyclic voltammograms recorded at 1 Vs-1 for the oxidation of 1 mM ferrocyanide in
1 M KCl at a basal plane HOPG electrode and an EPPG electrode. The dashed line
voltammogram is the simulated fit using linear diffusion only (DigiSim(R)). Reproduced from
Ref. [23] with permission from The Royal Society of Chemistry
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Fig. 3.6 Schematic diagrams showing: a (i) the overhead view of a section of the basal plane
HOPG surface and (ii) the approximation of each island/band combination as a partially covered
circular disc of the same area; b the resulting diffusion domain from the approximation in (a) (ii)
and the cylindrical coordinate system employed. Reproduced from Ref. [23] with permission
from The Royal Society of Chemistry. Note that the island radius is termed Rb and the domain
radius is R0
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noted: (1) there is a significant increase in the peak-to-peak separation, DEP,
observed for (iii) over the EPPG voltammetric response (ii); (2) the fit to the
‘linear diffusion’ only (iii) simulation is not fully satisfactory, especially in the
return scan where a significantly lower back peak (current) is observed than
expected [23]. It has been shown that the observed voltammetric signature (i) can
be correctly and quantitatively simulated through considering the HOPG surface
(as shown in Figs. 3.2 and 3.4) to be a heterogeneous surface consisting of edge
plane nano bands which have been concluded to be exclusively the sites of electro-
catalysis whereas the basal plane ‘islands’ are electro-catalytically inert [5].

Figure 3.6 depicts how the HOPG surface has been simulated using numerical
simulation via the diffusion domain approach, where each basal plane island and
the surrounding edge-plane band is considered as a circular disc of edge-plane
graphite partially (or almost completely) covered with basal plane graphite, such
that the areas of edge and basal plane are consistent. Since the island and band are
surrounded by other island/band combinations, little or zero net flux of electro-
active species will pass from one island to its neighbour [5, 23].

Fig. 3.7 Solid curves are simulated dimensionless current cyclic voltammograms for diffusion
domains where D = 6.1 9 10-6 cm2 s-1, ko

1 ¼ ko
edge = 0.022 cm s-1, ko

2 ¼ ko
basal = 10-9 cm s-1,

t = 1 V s-1, the band thickness is 1.005 nm and the domain radius is a 0.01 lm b 0.1 lm c 1 lm
and d 10 lm. Overlaid in each section are the simulated inert equivalents (dotted curves),
i.e., ko

2 ¼ ko
basal = 0 cm s-1. Reprinted from Ref. [5] with permission from Elsevier
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The circular discs are treated as independent entities with cylindrical walls
through which no net flux can pass. These unit cells are better known as diffusion
domains and are illustrated in Fig. 3.6 where the two electrode materials (edge
plane and basal plane) are highlighted. The voltammetric response of the whole
HOPG electrode is therefore the sum of that for every domain on the electrode
surface. Also shown is a single diffusion domain unit cell and the cylindrical polar
coordinate system employed where interacting cylindrical units of radius R0 are
centred around a circular block of radius Rb, where the fractional coverage of the
domain, h ¼ R2

b=R2
0 such that the surface areas of the basal sites and edge sites are

given by 1� hð ÞpR2
0 and hpR2

0 respectively, allowing the effect of varying the edge
sites while keeping the surface coverage constant. The island radius is termed as Rb

and R0 is the domain radius which includes the width of the edge plane site/band.
As is evident from Fig. 3.7, the DEP of the edge plane nano band signal depends
strongly on the edge plane coverage, and the domain size has little or no influence
on the observed voltammetry of the three smaller domains due to the depleting
effect of non-linear diffusion which becomes less relevant as the domain sizes
increase. Note that the maximum lateral grain size of HOPG is 1–10 lm resulting in
a maximum R0 of *0.5–5 lm, the edge plane coverage is such that the basal plane

Fig. 3.8 a The surface is
split into a series of identical
domains (unit cells), namely
band islands. b Schematic
showing the difference
between diffusion to macro-
(i) and micro- (ii) scale
electrode systems. The darker
area represents the island
(rband) with the faster
kinetics. Reproduced from
Ref. [24] with permission
from The Royal Society of
Chemistry
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is effectively inert [23] and the HOPG response can be assigned to nano bands of
edge plane graphite with the basal plane islands having no contribution.

Further work from the Compton group has explored the ‘double peak concept’,
[24] modelling a HOPG surface as an array of microbands; the unit cell is shown in
Fig. 3.8a while Fig. 3.9 depicts the response of an electrochemically heteroge-
neous surface highlighting the effect of microband width along with the domain
coordinates utilised where the fractional coverage of the surface covered is given
by: hband ¼ rband=rdomain. Figure 3.9a shows that as the width of the band is
increased the diffusion profile changes from being largely convergent, as shown
schematically in Fig. 3.8b, to that of linear which is seen as one peak becoming
two and a decrease in the peak current is also evident; note that Chap. 2 considered
the case of mass transport. The depletion of the electroactive species above the
electrochemically slower substrate proceeds to a greater extent so the substrate has
less of an influence on the diffusion of the electroactive species and thus less of an
influence on the observed voltammetry [24]. The depletion, known as the diffusion
layer, is given by Eq. (2.32) where for voltammetry t is replaced by: ‘DE=t’ where
DE is the potential range over which electrolysis occurs and t (referred to as tpeak:
below) is the time taken to sweep the potential from its initial value to the point
where the current reaches a maxima. It has been shown that [24]:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dtpeak

p
� rsep ð3:5Þ

where

rsep ¼
1
2

rdomain � rbandð Þ

where rband is the width of the edge plane site and rdomain accounts for the edge
plane site plus the basal plane site (see Fig. 3.8a). In this case, the inter-band
separation is small compared to the extent of diffusion parallel to the electrode
surface and only one peak will be observed in the voltammetry. Figure 3.9b shows
the effect of the band width upon ko

subs and in which region split peaks will be
observed. In the case that there is a large domain width,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dtpeak

p
� rsep, such

that the voltammetry will be a superposition of the voltammetry of the band and
substrate in isolation where diffusion to each will be linear in nature.

b Fig. 3.9 a Voltammetry of a one-electron transfer process at an electrochemically heterogeneous
electrode consisting of an array of microbands (ko = 10 cm s-1) distributed over a substrate
material (ko = 10-6 cm s-1) of area 1 mm2 and a surface coverage of the bands of 10 % at a
scan rate of 0.1 Vs-1. The diffusion coefficient of all species is 10-5 cm2 s-1 with an initial
concentration of 10 mM. The voltammetry transitions from 1 peak to 2 peaks as the width of the
band (labelled) is increased. b Schematics showing the region of the ‘Band Width’-‘Substrate rate
constant’ space for which there are two peaks in the forward sweep of a cyclic voltammogram at
band surface coverages of (a) 1 % (b) 50 % and (c) 10 %. Scan rate = 0.1 Vs-1; diffusion
coefficient = 10-5 cm2 s-1; island rate constant ko

band = 10 cm s-1. Reproduced from Ref. [24]
with permission from The Royal Society of Chemistry
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If the heterogeneous rate constants on the two electrode surfaces are similar,
two peaks will be observed arising at similar potentials which will merge into one
larger peak. If ko

band � ko
subs (i.e. ko

edge � ko
basal) two peaks will be observed if the

ko
subs has measurable activity; however it has been shown that this is not the case

and only the ko
band is active, or sometimes reported as anomalously faster over that

of ko
subs [4].

The rate of electron transfer for basal plane sites has been reported to corre-
spond to *10-9 cm s-1 for the oxidation of ferrocyanide and is considered to be
possibly even zero [4–6]. How does one know that this is actually correct? As
shown in Fig. 3.9a, a strangely distorted voltammogram would be observed in the
limit of very low defect density [23]. Due to the fact that two peaks have never
been observed experimentally, it is generally accepted that edge plane electron
transfer kinetics are anomalously faster over that of basal plane; the latter is
sometimes referred to as being inert [5, 6, 23]. Interested readers are directed to the
elegant work of Davies et al. and Ward et al. to further appreciate this work [5, 24].

Further evidence on the role of edge plane sites versus basal plane sites has
been reported [4] by the selective blocking of the basal plane sites of HOPG with a
polymer whilst the edge plane sites were left exposed. Identical voltammetric
behaviour was observed with this modified surface when compared to that of the
initial bare electrode and with numerical simulations, confirming the edge planes
to be the sites of electrochemical activity; Fig. 3.10 depicts how this was achieved.

During each stage (as shown in Fig. 3.10) each surface was voltammetrically
examined and the corresponding voltammograms are depicted in Fig. 3.11. As
shown in Fig. 3.11 it is evident that the final stage is nearly identical with that of
stage 1 (a freshly produced HOPG surface) despite the basal plane sites being
covered. The small deviation is reported to be due to the treatments that the
electrode has undergone and a slight loss in activity of the edge plan sites. In the
case of the modified electrode, Fig. 3.11d, only the edge-plane steps located along
the bottom of the nanotrenches are exposed to the solution such that an array of
nanobands have been created. This work nicely demonstrates that the cyclic
voltammetric response of a basal-plane HOPG electrode (BPPG) is solely due to
the edge-plane defects present, no matter how small their coverage may be, and
that the basal-plane graphite terraces have no influence on the voltammetry and are
effectively inert; hence blocking the basal-plane sites results in no overall change
to the observed voltammetry.

Last, it is important to note that researchers will (and have already done so)
dispute the extensive literature reported above. As such it has been reported that
under certain (limited) conditions the basal plane sites have measurable electro-
chemical activity [25–27]. Using elaborate Scanning Electrochemical Cell
Microscopy (SECM) it has been reported that the basal plane sites of freshly
exposed HOPG display considerable electroactivity which, interestingly, is time
dependant, in that exposure to air for less than one hour after cleaving leads to a
decrease in the observed electron transfer rates at the basal surface [27]. Such work
is highly fascinating and studies into this time-dependent surface effect are, at the
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time of writing this Handbook, underway [27]. However, ultimately this means
that over the lifetime of an experiment the observed electroactivity of the freshly
cleaved basal plane sites of HOPG becomes negligible as previously reported [4–
6]. Furthermore, an important challenge that has not been realised in Ref. [27] is
the correlation of this local microscopic result to that of the well documented
macroscopic response of a HOPG electrode; [28] i.e. if such ‘pristine’ HOPG
surfaces, as used within Ref. [27], are used in a conventional cyclic voltammetric
experiment, do the voltammograms appear fully reversible or not? If so can the
pristine surfaces be reproduced by other groups? If not, then why not? [28].

3.2 Fundamental Electrochemistry of Graphene

When graphene is immobilised upon an electrode surface, as is common practice
in the literature to electrically ‘wire’ (connect to) graphene and study its elec-
trochemical activity, a heterogeneous electrode surface is formed. In this scenario,
if we consider that a HOPG surface is utilised, Fig. 3.12 shows that four key sites

Fig. 3.10 Initially a HOPG
surface is cleaved to produce
a fresh surface (stage 1). In
stage 2, MoO2 nanowires are
formed exclusively along the
edge plane sites. In stage 3,
the basal plane sites are
covered by the
electrochemical reduction of
4-nitrobenzenediazonium
cations. Stage 4 then involves
exposing the edge plane sites
by dissolution of MoO2 in
HCl. Reproduced from
Ref. [4] with permission from
Wiley
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are evident. It is clear that in addition to the underlying HOPG electrode surface
which has edge plane and basal plane sites, each with the their own electro-
chemical activity with different Butler-Volmer terms, ko and a, the immobilisation
of graphene with its own edge and basal plane sites (with their own ko and a
values) gives rise to an interesting situation. This scenario occurs when any carbon
based electrode is utilised as the supporting electrode.

In the case of immobilising graphene upon a metallic electrode as is sometimes
spuriously undertaken, such as a gold macroelectrode, there would be three key
electrochemical sites, the underlying gold (ko

gold, agold) and modified graphene with
the contribution from edge and basal plane sites. However this is not a good
situation as the underlying gold generally has (depending on the electroactive
analyte) a greater electrochemical activity which dominates over the graphene (or
other graphitic materials which could be employed) such that the contribution
from graphene will not be solely observed or could be misinterpreted as graphene

Fig. 3.11 Cyclic voltammograms for the reduction of 1.1 mM [Ru(NH3)6]3+ at a HOPG
electrode (vs. SCE) after each stage of nanotrench fabrication (Fig. 3.10): a stage 1, b stage 2, c
stage 3, d stage 4. The voltammograms in (a) were obtained from the same experiment with an
EPPG electrode. Voltammograms in (b) through to (d) were obtained after stage 1 of nanotrench
fabrication. Reproduced from Ref. [4] with permission from Wiley

94 3 The Electrochemistry of Graphene



exhibiting excellent electrochemical activity if control experiments (bare/
unmodified gold electrode) are not diligently undertaken.

Returning to the case of graphene as shown in Fig. 3.13 and utilising the
insights discussed above from numerical simulations and experimental observa-
tions for graphitic electrodes (Sect. 3.1.2), should graphene be considered similar
to that of HOPG but as a single layer? Given that graphite surfaces are hetero-
geneous (anisotropic) in nature, with the overall chemical and electrochemical
reactivity differing greatly between two distinct structural contributions which are
fundamental to the behaviour of graphitic electrodes, namely the edge and basal
planes, graphene, a single layer that comprises HOPG, should in theory act similar
in terms of its DOS to that observed for HOPG; Fig. 3.13 shows this concept.

If we assume that graphene is immobilised upon an electrode surface (and will
naturally prefer to lie parallel rather than vertical due to p-p stacking) such that the
underlying electrode is completely covered, we can approximate this graphene
modified electrode surface to that shown in Fig. 3.6 where we have edge plane sites
(viz the peripheral edge of graphene) and a basal plane (assuming for simplification
that we have true graphene, that is pristine graphene with no defects across the basal
surface), thus the same unit cell can be used and an approach can be taken via the
diffusion domain method, which will be applicable, in that we have islands with
nano edge bands of thickness which, at best, might approximate to the length of a
carbon-carbon bond which is reported to be *0.142 nm in graphene. This can be

Fig. 3.12 a A schematic
representation of an
electrochemical reaction
occurring on a graphene
modified HOPG surface
exhibiting differing Butler-
Volmer characteristics; and a
top-down perspective (b).
Note that the figure is
obviously not to scale
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Fig. 3.13 A conceptual model depicting the structure of pristine graphene, showing the sites of
electron transfer, basal and edge plane like- sites. Reproduced from Ref. [12] with permission
from The Royal Society of Chemistry

Fig. 3.14 Procedure for fabricating monolayer graphene sheets into working electrodes for
electrochemical characterisation. Reprinted with permission from Ref. [29]. Copyright 2011
American Chemical Society
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assumed to be constant in many different forms of graphene with the expectation
that the domain radius changes (viz the La size) as the size of the graphene flake is
either increased or decreased depending on its fabrication methodology.

If we consider two contrasting scenarios, assuming in the first instance that the
edge plane has fast electron transfer activity and that the basal plane has some
negligible activity (*10-9 cm s-1), as is widely accepted in the case of HOPG
and since graphene is simply one layer of this, the effect of the domain radius (La

size) that will be expected can be observed from inspection of Fig. 3.7, showing
that at a large domain radius two peaks might be observed. However, to date such
voltammetric signatures have not yet been presented, adding weight to the infer-
ence that (as per the second scenario) the edge plane side of graphene is the
electroactive site acting akin to an edge plane nano band; this is a reoccurring
theme which we explore later with experimental evidence from throughout the
literature. Thus in the case of modifying a HOPG surface with graphene, it is likely
that the basal plane HOPG surface (BPPG), the ko

basal, can be neglected such that
Fig. 3.12 simplifies to two key domains, ko

edge (HOPG) and ko
edge (graphene), and

assuming these are electrochemically similar in terms of the DOS, it is clear that
edge plane sites are the key dominating factor of a graphene modified electrode.

3.2.1 Graphene as a Heterogeneous Electrode Surface

The electrochemistry of true graphene, that is, an individual monolayer crystal, has
been reported by Li et al. [29] with their fabrication procedure overviewed in
Fig. 3.14 where a monolayer graphene sheet is first deposited onto a SiO2-coated
Si substrate. In their study two types of graphene were explored, which were either
fabricated via mechanical exfoliation (the so-called ‘‘scotch tape method’’ as
covered in Chap. 1) or through CVD graphene growth. In both cases optical
lithography was employed in order to be able to connect to each piece of graphene
with two metal leads, as shown in Fig. 3.14a. Note that those working on the
fabrication of graphene forget that one needs to somehow electrically wire and
connect to the graphene sheet in order to utilise and study it!

In this work [29], after depositing the graphene sheet a 100 nm thick Al2O3

layer (see Fig. 3.14b), followed by a 600 nm thick parylene layer (see Fig. 3.14c),
are deposited in order to isolate the metal leads from the solution such that when
electrochemical experiments are performed the graphene response will be
observed and the electrochemistry will not be dominated by the metal leads. This
is achieved by employing an oxygen plasma to remove a region of the parylene
layer above the graphene while keeping the metal leads covered (Fig. 3.14d).
Finally, a window through the Al2O3 layer is made using a wet etch to expose a
well-defined area of the graphene surface (Fig. 3.14e).

The elegant design of experimental set-up by Li et al. [29] ensures that
graphene is the only electrochemically active surface that is in contact with the
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solution during electrochemical measurements. Additionally the fabrication steps
were chosen to minimise the likelihood of contaminating the graphene. The
maximum sizes of the exposed graphene surfaces were reported to be
15 9 15 lm2 for the mechanically exfoliated graphene and 0.38 9 0.50 mm2 for
the CVD grown graphene since CVD graphene can be formed in much larger
sheets than exfoliated graphene. In the final step, vacuum annealing at 350 �C was
used in an attempt to remove organic residuals which might have remained on the
graphene surface after processing [29].

Figure 3.15 shows Raman and AFM characterisation of the fabricated graphene
electrodes where a symmetric single peak is observed for the 2D band, the
intensity of which is significantly higher than that of the G peak confirming that
high-quality single graphene layers have been obtained from the fabrication
methodologies. Additionally note that a small D peak is also observed (for CVD)
indicating a less pristine layer, as is generally the case for such samples. Electrodes
made via this route were found to be more disordered including large wrinkles,
particulates, and domain-like structures following the CVD growth and transfer
process (Fig. 3.15c). For electrodes made via mechanical exfoliation (in this case),
no observable D peak was evident at 1,350 cm-1, indicating that the graphene
sheet is clean and (at the resolution limit of micro-Raman) defect-free [29]. The
step height of the graphene layer with respect to the SiO2 substrate was *0.8 nm,
in good agreement with the known value for clean graphene (0.5–1 nm).

Electrochemical experiments revealed a microelectrode response (steady-state
current; see Chap. 2) at both the graphene electrodes, with the effective area of the
graphene electrode deduced from the following equation [29]:

Aeff ¼ p
iss

4nFDC

� �2

ð3:6Þ

Fig. 3.15 Raman and AFM characterisation of the graphene working electrodes. a Raman
spectra of the graphene working electrodes, after the device fabrication process was completed.
b AFM image of the surface of a working electrode made of exfoliated graphene. A cross-
sectional profile is given for the line in the top panel. Scale bar: 2 lm. c AFM image of the
surface of a working electrode made of CVD graphene. Note that the entire area in (c) is within
the surface of the CVD graphene electrode. Scale bar: 2 lm. Reprinted with permission from
Ref. [29]. Copyright 2011 American Chemical Society

98 3 The Electrochemistry of Graphene

http://dx.doi.org/10.1007/978-1-4471-6428-9_2
http://dx.doi.org/10.1007/978-1-4471-6428-9_2


where Aeff is the effective area of the microelectrode/graphene electrode and iss is
the steady-state current. The Aeff of the graphene electrodes was estimated to
correspond to 117 ± 8 lm2, which is in good agreement with Atomic Force
Microscopy (AFM) (found to correspond to *130 lm2). [29] The standard
electrochemical rate constant was deduced for FcMeOH to be *0.5 cm s-1

indicating an electrode with fast electron transfer kinetics [29]. The authors’ infer
that improvements in the electron transfer kinetics (observed when contrasted to
the basal plane of HOPG) are due to corrugations in the graphene sheet, [29] or
could arise from edge plane like- sites/defects across the basal plane surface of the
graphene in addition to exposed edges acting like ultra-microelectrodes, with the
sigmoidal voltammetry arising from the change in mass transport—the observa-
tions and inferences are highly fascinating, indicating why graphene is being
fundamentally studied.

The electrochemistry of individual single and double layered graphene crystals
has also been reported by Dryfe and co-workers [30] who performed time con-
suming experiments producing single mono-, bi- and multi- layer graphene crys-
tals viz mechanical exfoliation (‘scotch tape method’) after which the authors
electrically connected their graphene samples and encapsulated them with epoxy
such that only the basal plane site (side) of graphene was exposed to the solution
[30]. Optical images of the graphene and prepared graphene electrodes are shown
in Fig. 3.16.

As shown in Fig. 3.17 (depicting the current response for the case of mono-, bi-
and multi-layer graphene), sigmoidal currents were observed using the potassium
ferri-/ferro- cyanide redox probe due to the exposed graphene surface effectively
being a large microelectrode [30]; Chap. 2 overviews how changes in the electrode
geometry can give rise to different mass transport and hence different voltammetric
signatures.

Given that the edge of the graphene is covered with insulating epoxy and only
its basal plane sites are exposed, it is surprising to observe any voltammetry at all.
The reason for this observed voltammetry is that defects across the graphene
surface reside [30], where there is a missing lattice atom and as such a dangling
bond is exposed providing electrochemically reactive sites. Figure 3.18 shows a
typical defect observed in graphene with TEM, Density Functional Theory (DFT)
simulation of a graphene defect and an experimentally observed defect via STM
[31]. Note also that the effect of defects on HOPG is well known, in that a 1 %
defect density is estimated to result in a 103 factor increase in the heterogeneous
electron transfer rate constant [32]. Dryfe et al. demonstrate that while their
graphene surface has a low level of defects, fast electron transfer is observed due
to the defects that are present on the graphene surface [30] and resultantly a similar
voltammetric response is observed at bi-layer graphene (see Fig. 3.17) due to the
top graphene layer only being exposed. Such work indicates that surface defects
are extremely important in obtaining fast electron transfer rates, which has been
shown for pristine graphene (see later) [33].
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In the work of Dryfe [30], defects across the surface of the graphene are most
probably due to the mechanical stresses involved in obtaining graphene from
graphite using the ‘scotch tape’ (mechanical exfoliation) method. The sigmoidal
response is likely due to the small size of the graphene sheet acting like a
microelectrode (see Fig. 3.17) which is complicated further if the graphene is
recessed by the epoxy. Note that defects across the basal surface of graphene are
hard to determine and one approach is to use TEM and Scanning Tunnelling
Microscopy (STM). Figure 3.18 shows a TEM image of a defect in graphene along
with simulated structures and a STM image of a single vacancy; clearly deter-
mining defects is a challenging task.

The above reports are currently, at the time of writing this Handbook, the only
two examples in the literature where individual graphene crystals have been
electrochemically probed on the micro-scale and the reason as to why this is, is due
to the large amount of effort that one has to undertake in order to perform such
experiments. Clearly these are fundamental studies with the fabrication not scal-
able such that the most common approach to utilise graphene is to immobilise it

Fig. 3.16 Optical micrographs of monolayer graphene samples. Sample 1 is shown before
(a) and after (b) masking; in image (b) edges are completely masked. Sample 2 is shown to
contain holes in panel (c); in panel (d) the exposed part of sample 3 is triangular, hence edges are
exposed to the solution. Details of each sample can be found in the legend of Fig. 3.17. Scale
bars; (a, c and d) 50 lm and (c) 20 lm. Reprinted with permission from Ref. [30]. Copyright
2011 American Chemical Society
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upon a suitable electrode surface such that one is effectively averaging a response
over that of the graphene domains.

Key insights into the electrochemical reactivity of pristine graphene have been
provided [33] through the modification of edge plane- and basal plane- pyrolytic
graphite (EPPG and BPPG respectively) electrodes with pristine graphene, as is

Fig. 3.17 Ferricyanide voltammetry: Current (normalised to electrode radius) versus potential
response for the graphene monolayer samples (Samples 1 and 2: 1, monolayer contained no
visible defects and its edges were completely masked—note however that although special
attention was paid during the masking and preparation of samples in order to expose areas with
the minimum number of defects, the authors acknowledge that to date it has not been possible to
achieve a perfect, edge-free region; 2, monolayer contains several holes of *10 lm diameter,
hence some edge sites must be in contact with the electrolyte), a bilayer sample and the
multilayer sample. Scan rate = 5 mVs-1; concentration = 1 mM ferricyanide in 1 M KCl.
Reprinted with permission from Ref. [30]. Copyright 2011 American Chemical Society

Fig. 3.18 a TEM image of a defect in a graphene lattice (Reprinted with permission from
Ref. [34]. Copyright 2008 American Chemical Society); b Simulated atomic structure obtained
via DFT calculations (Reprinted with permission from Ref. [31]. Copyright 2010 American
Chemical Society); c An experimental STM image of a single vacancy, appearing as a protrusion
due to an increase in the local DOS at the dangling bond (marked with a circle in panel b)
(Reprinted with permission from Ref. [35]. Copyright 2010 The American Physical Society)
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common place in the literature in order to ‘electrically wire’ and connect to the
graphene under investigation. The authors utilised a plethora of electroactive
probes that have been commonly employed within the field (are well characterised
on graphitic materials) and consequently have been well understood over many
decades. Surprisingly, such work was the first to show a deviation from the wealth
of literature on graphene at that time, in that pristine graphene was shown not to be
as beneficial as previously reported [33].

Due to the type of graphene utilised, that is, high quality graphene with a low
density of defects across the basal plane surface of the graphene sheet as well as a
low oxygen content, it was observed that graphene exhibits slow electron transfer
kinetics and as a result the electrochemical response (of the supported graphene
layer) was found to actually block the underlying electrode surface [33]. The
observed voltammetric response is presented in Fig. 3.19 for the electrochemical
oxidation of ferrocyanide. Shown in Fig. 3.19a is the response of a BPPG electrode
following modification with graphite, where it is well known that graphite has a
large proportion of edge plane like- sites/defects and hence when one immobilises
the graphite, the underlying electrode surface which exhibited slow electron
transfer (note the large peak-to-peak separation, DEP) exhibits a change
(improvement) in the voltammetric signature due to the surface becoming popu-
lated with edge plane sites. In the case of graphene however (Fig. 3.19b), the
reverse is observed, that is the introduction of graphene appears to be blocking the
underlying electrode surface. In this case, when graphene was introduced onto a
surface that exhibited fast electron transfer rates and a high degree of edge plane
sites (an EPPG electrode), the immobilised graphene blocked the fast electron

Fig. 3.19 Cyclic voltammetric profiles recorded utilising 1 mM potassium ferrocyanide(II) in
1 M KCl. a obtained using a BPPG electrode (dotted line) with the addition of increasing
amounts of 2, 4, 50, 100, and 200 lg graphite (solid lines). b obtained using an EPPG electrode
(dotted line) with the addition of increasing amounts of 10, 20, 30, and 40 ng graphene (solid
lines). Scan rate: 100 mVs-1 (vs. SCE). Reproduced from Ref. [33] with permission from The
Royal Society of Chemistry
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transfer occurring at the underlying surface, reducing the overall electrochemical
activity, which can be attributed via the fundamental knowledge on graphite
electrodes (see Sect. 3.1.2) to be due to the high proportion of relatively inert basal
plane surface on pristine graphene as opposed to a small structural contribution
from edge plane sites/defects [33].

In terms of the coverage of graphene over a supporting substrate, a key experi-
mental parameter that needs to be considered, it was indicated that two ‘‘working
zones’’ will arise when researchers immobilise graphene upon electrode substrates
[33]. The first zone, ‘Zone I’ corresponds to the modification of the electrode surface
resulting in single- and few-layer graphene modified electrodes, which block the
electrochemical response observed at the underlying electrode. Upon increasing
amounts of graphene, the underlying electrode is continuing to be blocked (as shown
in Fig. 3.19b). This is since the material (graphene) that is being immobilised has a
low proportion of edge plane sites since the proportion of edge plane sites to basal
plane sites (within its geometric structure) are extremely low and given its pristine
nature, edge plane sites/defects across the basal surface are negligible. Upon the
addition of more graphene, a ‘Zone II’ becomes evident [33]. This is where several/
significant layers of graphene are observed (viz quasi-graphene [36] and graphite)
which leads to an increment in the density of edge plane sites (due to its geometric
structure) and thus improved voltammetry via increased heterogeneous electron
transfer rates (as is evident in Fig. 3.19a). This response continues until a limit is
observed, typically from the instability of the graphene upon the underlying elec-
trode surface/support. Clearly the coverage of graphene is a key parameter in
graphene electrochemistry, where the incorrect use/characterisation of a graphene
modified surface could mislead those that are actually observing graphite (but
believe they are using graphene) into misreporting the benefits of graphene, i.e. if
working in Zone II. Note that recently a ‘Zone III’ has been shown to exist in that,
when excessive amounts of graphene is immobilised thin-layer effects dominate,
giving the false impression of electro-catalysis; Chap. 2 overviews this concept.

Figure 3.20 highlights the change in the structure of the electrode surface from
introducing graphene and the resultant electrochemical responses expected. Fig-
ure 3.20a shows a cyclic voltammetric profile as typically observed at an edge
plane HOPG electrode assumed to possess fast electron transfer kinetics and fol-
lowing the immobilisation of single-layer graphene (Fig. 3.20b) where an
incomplete coverage of the surface is realised. Effectively one is replacing a highly
efficient and electrochemically reactive surface with graphene which has a low
proportion of edge plane sites and no defects across the basal plane surface of the
graphene, giving rise to the observed voltammetry with an increased DEP indi-
cating a departure towards slower electron transfer kinetics [33]. Following
complete single-layer coverage (Fig. 3.20c) of graphene the DEP increases which
is firmly in Zone I as identified above. As more graphene is immobilised
(Fig. 3.20d), a departure from single-layer, or approximate single layer/double and
few layer (quasi-graphene) [36] is evident to that of multi-layer graphene (viz
graphite) where one is now in Zone II, such that the voltammetric response heads
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back towards that originally observed for HOPG (Fig. 3.20a) due to the now large
proportion of edge plane sites upon the electrode surface [33].

Thus, Brownson et al. has shown that given the geometric structure of graphite
(multiple layers of stacked graphene), by its very nature it possesses a larger
proportion of edge plane sites than that of single layer graphene and thus the
former exhibits improved electrochemical activity, heterogeneous electron transfer
kinetics, over that of the latter [33].

Returning to the case of immobilising pristine graphene onto a HOPG surface
for electrochemical investigation (see above), insights from Brownson et al. [33]
reveal that the underlying (supporting) electrode surface plays an important role,
as does the orientation of the immobilised graphene. SEM images in the above
work revealed that coalesced graphene ‘folds’ over edge plane sites of the
underlying electrode, potentially explaining the blocking effect observed when
graphene is introduced. Upon further additions of graphene, orientation with the
edge plane sites of the underlying electrode results in a vertically aligned or
disorder graphene surface and hence a beneficial increase in the electrochemical
response is observed due to the increment in the proportion of edge plane sites
accessible for electron transfer [33]. In this model it is assumed that the immo-
bilised graphene adopts a similar architecture to that of the underlying electrode
since the graphene has a distributed electron density of the planar–basal site (p–p)
which will be disturbed by the high electron density of the underlying edge sites of
the graphene (the EPPG) such that it effectively ‘aligns’ with the underlying
electrode surface as this arrangement reflects the lowest energy settlement [33].
Due to the high number of graphene sheets on the EPPG electrode the graphene
sheets will stack (as a continuation of the edge planes) in parallel to each other in
order to fit the limited space of the EPPG surface. In the case of graphene upon a
BPPG electrode surface the graphene will follow the same architecture as pre-
sented by the BPPG sheets, meaning that the graphene will stack planar on the
BPPG due to p–p stacking: Fig. 3.21 depicts SEM images showing this concept.

Last, insights from DFT simulations on different sizes of graphene reveal a
greater electron density at the edge of pristine graphene which confirms the
observations by Brownson et al. [33] and in other work [37, 38] such that, similar
to that observed for HOPG, the peripheral edge of graphene as opposed to its side
acts electrochemically akin to that of edge plane sites and the latter to that of basal
plane sites; in this case pristine graphene assumes no defects (defect sites, missing
atoms, dangling bonds etc.) across the surface of the graphene, the introduction of
which will beneficially contribute to the electrochemical activity of graphene. Note
that in the case of graphite a greater density of edge plane sites is well known to
result in an improved electrochemical reactivity [1, 4–6]; but until the above
reports this was lesser reported for graphene.

In support of the above work it has been shown, using SECM to study corre-
lations in monolayer and multilayer graphene electrodes grown via CVD, that in
terms of these layered structures, single layer graphene exhibits the lowest elec-
trochemical activity and that activity increases systematically when increasing the
number of graphene layers, to a situation where the flakes are so active that the
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electron transfer process becomes nearly electrochemically reversible at greater
than 7 layers (viz graphite) [39]. Figure 3.22 shows the electrochemical current as
a function of increasing graphene layers using SECM which shows that single
layer graphene exhibits the lowest electrochemical activity [39]. Such work con-
firms the work of Brownson et al., that states ‘single layer (and bi- and few- layer
(quasi-graphene)) graphene is not such a beneficial electrode material (when
contrasted to graphite in terms of the heterogeneous electron transfer kinetics) and
that in fact, in cases where beneficial electron kinetics are reported at graphene, it
is likely that researchers are putting large quantities of graphene upon their
electrode surfaces such that there is a large deviation from graphene to that of

Fig. 3.21 SEM images of an unpolished EPPG electrode before (a) and after modification with
low (b) and high (c) coverage’s of graphene, and additionally an unpolished BPPG electrode
before (d) and after modification with low (e) and high (f) coverage’s of graphene. Reproduced
from Ref. [33] with permission from The Royal Society of Chemistry
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graphite and thus false claims of improvements in the electrochemical processes of
graphene are generally reported (which should instead be attributed to graphite
and/or other graphitic structures).

Other notable work adding to the fundamental understanding of graphene is by
Lim et al. [40], who investigated the effect of edge plane defects on the hetero-
geneous charge transfer kinetics and capacitive noise at the basal plane of CVD
fabricated epitaxial graphene (prepared on a silicon carbide substrate) using inner-
sphere and outer-sphere redox mediators. The authors showed that the basal plane
surface of graphene exhibits slow heterogeneous electron transfer kinetics, inter-
estingly however, when electrochemically anodised (increasing the degree of
oxygen-related edge plane defects) they found that the defects created on its surface
resulted in the improvements of election transfer rates that surpass those observed
for pristine graphene, Glassy Carbon (GC) and Boron Doped Diamond (BDD)
electrodes [40]. Again, this work confirms the essential need for edge plane like-
sites/defects on the surface of graphene (for improved electrochemical reactivity).
Note, it is well known that the presence of oxygen related species on a carbon based
electrode material can dramatically influence the observed electrochemical reac-
tivity, either beneficially or detrimentally depending on the target analyte [2, 41–
45]. Thus it could be inferred that the oxygen-related species purposely introduced
onto the graphene surface in this case contribute to a hidden origin of the improved
rate kinetics. However, this is not the case and the contribution from the oxygenated
species residing on the graphene can be neglected since the authors utilised a range
of electro-active species to study their graphene, ranging from simple outer-sphere
electron transfer probes to surface sensitive inner-sphere species (see Box 3.1), and
the observed trend was similar for all compounds.

BOX 3.1: Surface Sensitivity at Inner- and Outer- Sphere Redox Probes

A common approach within electrochemical studies in order to greater
understand the material under investigation is the utilisation of inner-
sphere and outer-sphere redox mediators/probes. Such electron trans-
fer processes differ significantly according to the ‘sensitivity’ of their
electron transfer kinetics to the surface chemistry of the carbon elec-
trode/material under investigation in terms of the surface structure/
cleanliness (defects, impurities or adsorption sites) and the absence/
presence of specific oxygen containing functionalities, that is, varia-
tions in ko with the condition of the electrode surface [1, 46].

Outer-sphere redox mediators (see Fig. 3.23 for examples) are
termed surface insensitive such that ko is not influenced by the surface
oxygen-carbon ratio, surface state/cleanliness in terms of a surface
coating of a monolayer film of uncharged adsorbates, or specific
adsorption to surface groups/sites [1]. There is no chemical interaction
or catalytic mechanism involving interaction (i.e. an adsorption step)
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with the surface or a surface group—such systems often have low
reorganisation energies [1, 46]; in this case the electrode merely serves
as a source (or sink) of electrons and as such outer-sphere systems are
sensitive primarily to the electronic structure due to the electronic
DOS of the electrode material [1, 46].

Inner-sphere redox mediators (see Fig. 3.23 for examples) are
termed surface sensitive in that the ko is strongly influenced by the
state of the electrode surface (surface chemistry and microstructure)
via specific electro-catalytic interactions that are inhibited significantly
if the surface is obscured by adsorbates (or impurities). Such inter-
actions can also depend strongly on the presence (or absence) of
specific oxygenated species which give rise to either beneficial or
detrimental effects [1, 46]. In this case systems are more largely
affected by surface state/structure and/or require a specific surface
interaction, being catalysed (or inhibited) by specific interactions with
surface functional groups (adsorption sites) rather than the DOS as
such systems generally have high reorganisation energies [1, 46].

The observation of differing responses when using varied inner- and
outer- sphere redox probes allows insights to be deduced regarding the
state of the surface structure of the electrode material in question.
McCreery [62, 87] has provided a ‘‘road map’’ for commonly utilised
redox probes, as shown in Fig. 3.23, which allows researchers to
clarify from experimental observations the redox systems and how
they are affected.

Fig. 3.23 Classification of redox systems according to their kinetic sensitivity to particular
surface modifications on carbon electrodes. Reprinted with permission from Ref. [47]. Copyright
1995 American Chemical Society
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Other notable work that supports the findings that edge plane sites of graphene
are dominantly reactive over that of its basal plane has been published by Keeley
et al. [48, 49], in which the authors sonicated graphite powder in dimethylform-
amide for 72 h in order to achieve exfoliation of graphene nanosheets whilst
precluding the need for chemical oxidation and as such alleviating any unneces-
sary contributions from the presence of surface oxygenated species. TEM analysis
showed that 90 % of the resultant nanosheets contained five or fewer graphene
layers and the lateral dimensions were mostly less than 1 lm, leading to a much
higher density of edge plane- like sites than the parent graphite, as was confirmed
by Raman spectroscopy. Cyclic voltammetric measurements with common redox
probes confirmed that nanosheet-functionalised electrodes had larger active areas
and exhibited far more rapid electron transfer than the plain/unmodified electrodes.
Due to the absence of oxygen-containing groups in the solvent-exfoliated graph-
ene, the observed electrochemical activity was attributed to originate from the
numerous edge plane- like sites and defects on the graphene nanosheets [48, 49].
Moreover, other work has considered the electrochemical activities of open and
folded graphene edges (in which the folded edges were structurally more similar to
basal plane) where it was demonstrated that the heterogeneous electron transfer
rate is significantly lower on folded graphene edges than that of open graphene
edges (as is evident in Fig. 3.24 where larger DEP is observed at the former over
that of the latter) [50]; again such work concurs with the concept that the edge
plane of graphene is the origin of electron transfer [33]. It is clear that there is a
requirement to have exposed edges of graphene to achieve optimal electrochem-
ical activity (fast electron transfer rates), or equivalently to have a high density of
edge plane like- sites/defects across the graphene surface.

As highlighted in Chap. 1 different preparative methods of graphene result in
structures that have greatly varied densities of edge plane defects [12] and thus it
has been shown that the method of graphene preparation consequently has a
dramatic influence on the materials properties and electrochemical reactivity [12,
51]. Furthermore, surface defects can be selectively introduced into the graphene
structure post-synthesis, for example through the use of ion or electron irradiation,
selective oxidation (with optional reduction), or by mechanical damage [31]. Note
that incorporation of dopants/foreign atoms (i.e. nitrogen doping, see later) or the
introduction of functionalities (i.e. oxygenated species) in addition to the formation
of composite (or novel three-dimensional) [36] graphene based materials have also
all been reported to alter the electrochemical properties of graphene either bene-
ficially or detrimentally, that is, in terms of the observed heterogeneous electron
transfer rates, DOS, intrinsic catalytic attributes and influences on surface
adsorption/desorption processes (see Chap. 4 for examples of how this can be
utilised to result in beneficial performances being observed at modified graphenes
for various applications) [20, 41–45, 52, 53]. Importantly, if controllable and
reproducible defect densities of graphene can be achieved and quantified [38], as
has been shown to be the case at CVD graphene [12], then the electrochemical
reactivity of graphene can be optimised and efficiently tailored when designing
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graphene based devices with dedicated properties to achieve new functions/
applications (to exhibit either fast or slow heterogeneous electron transfer—or to
possess specific binding/attachment sites in the case of functionalisation). Thus
effectively graphene can provide an electrochemically beneficial platform where it
is possible to modify the graphene structure so that the properties of this material
suit specific needs; such tailoring and versatility is of eminent importance for
practical applications as well as for academic research.

3.2.2 Effect of Surfactants on the Electrochemistry
of Graphene

As highlighted in Sect. 1.2 suspensions of graphene in a liquid are often (but not
always) stabilised by surfactants, which are routinely incorporated into the fabri-
cation of commercially available graphene to reduce the likelihood of the graphene
sheets coalescing. When this is the case a tentative approach must be employed
when utilising such graphene solutions within electrochemistry [54–57]. It has
been established that some surfactants [58], for example sodium cholate [54–57],

Fig. 3.24 Electrochemistry at folded edges of graphene sheets. Schematic drawing and TEM
micrographs of a open and b folded graphene edge nanostructures. The drawing is not to scale
and it should be noted that the ‘‘opening’’ of the folded edge nanostructure is to illustrate the inner
structure of the fibre. The structural difference between open (a) and folded (b) edges are clearly
visible in the detailed TEM images on the right (Note, scale bars represent 5 and 2 nm in each
case). (c) Cyclic voltammograms of 5 mM potassium ferrocyanide(II) in 0.1 M KCl supporting
electrolyte on open graphene structure (green; o-SGNF), folded graphene structure (red;
f-SGNF), EPPG (solid line), GC (dotted line) and BPPG (dashed line) electrodes. Scan rate
100 mVs-1 (vs. Ag/AgCl reference electrode). Reproduced from Ref. [50] with permission from
The Royal Society of Chemistry
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exhibit measurable electrochemical activity and can thus contribute towards or
even dominate the electrochemical properties and performance of the stabilised
graphene, such that highly negative effects on the interpretation of data have been
observed [54–57]. This was demonstrated to be the case towards the detection of
b-nicotinamide adenine dinucleotide (NADH) and acetaminophen (APAP; para-
cetamol) as well as in the stripping voltammetry of heavy metals [54, 55]. These
interferences/effects also extended to energy storage applications where it was
demonstrated that surfactants themselves provide a higher capacitance than
graphene, thus one must be cautious when attributing beneficial effects to graphene
in these instances [57].

This work poses a highly important warning to the graphene community to
always consider the effect/influence of any surfactant/solvent that is used to aid
graphene dispersion. It is clear that appropriate control experiments need to be
employed before the beneficial electrochemistry of graphene can be correctly
reported and such control measures are thus required in future experiments in order
to sufficiently de-convolute the true performance of graphene. Such a warning can
be extended to other aspects of graphene electrochemistry, including the
requirement for appropriate control and comparison experiments when determin-
ing the contribution to the electrochemical response of graphene in terms of the
presence of graphitic impurities and oxygenated species (see Chap. 4).

3.2.3 Metallic and Carbonaceous Impurities
on the Electrochemistry of Graphene

When carbon nanotubes (CNTs, which are effectively rolled up graphene struc-
tures) were first utilised in electrochemical applications they were found to contain
metallic impurities as a result of their CVD fabrication, which contributed or
dominated their observed electrochemical response [59, 60]. Similarly, it has been
shown that graphene fabricated from graphite, via chemical oxidation of natural
graphite followed with thermal exfoliation/reduction, can contain cobalt, copper,
iron, molybdenum and nickel oxide particles which can influence the electro-
chemistry of graphene towards specific analytes and has potential to lead to
inaccurate claims of the electro-catalytic effect of graphene [61, 62].

Note that such impurities (as noted above) can be avoided since, in the meth-
odology, the grade of graphite purchased will largely dictate the final product and
the highest purity graphite should be used (as well as high purity aqueous and non-
aqueous solvents) to alleviate such problems. Nonetheless, as with Sects. 3.2.2 and
3.2.6 this valuable work highlights the importance of sufficient control experi-
mentation when exploring graphene within electrochemistry. Note also however,
that in certain cases the presence of metallic impurities may be beneficial with
respect to the observed electrochemical response and thus indeed purposely
incorporated as part of the fabrication process with the aim of producing noble
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metal (Pd, Ru, Rh, Pt, Au or Ag) doped/decorated graphene hybrid structures that
exhibit beneficial electronic properties, for use in electrocatalytic sensing for
example [63]; nevertheless, in such cases it is crucial that the quantity and quality
of the said metals is cautiously analysed/controlled and reported (along with the
appropriate control experimentation).

Last, the effect of carbonaceous debris (in addition to edge plane defects as
covered at the end of Sect. 3.2.1) has been explored upon the electrochemical
behaviour of reduced graphene oxide (GO), and was reported to strongly affect the
observed electrochemical response [64]. It is important to take from this work that
when GO is reduced to graphene, pristine graphene does not result, rather a
graphene that possesses strongly adhered carbonaceous debris and edge plane
defect sites which are created during the synthesis of GO [64]. Other comparable
work has also shown this to be the case, where the carbonaceous debris signifi-
cantly impacted the observed electrochemical response (beneficial in this case for
electroanalysis, as is expected given the insights gained in Sect. 3.2.1) [64].
Interesting work has been performed by Tan and co-workers [65] utilising SECM
to study the reactivity of surface imperfections present (i.e. edge plane defects or
carbonaceous debris) on monolayer graphene, revealing that specific sites across
the surface of monolayer graphene that have a large concentration of defects
(introduced either through deliberate mechanical damage or through chemical
oxidation (as with reduced GO)) are approximately 1 order of magnitude more
reactive, compared to more pristine graphene surfaces, toward electrochemical
reactions [65]. Of further importance, the authors were able to successfully pas-
sivate the activity of graphene defects by carefully controlling the electro-poly-
merisation of o-phenylenediamine so that a thin film of the polymer was formed
(which was found to be insulating in nature toward heterogeneous electron transfer
processes): thus it was demonstrated that SECM can be utilised for detecting the
presence of (and ‘‘healing’’) surface defects on graphene; providing a strategy for
in situ characterisation and control of this fascinating material and enabling
optimisation of its properties for select applications as stated in Sect. 3.2.1 [65].

3.2.4 Electrochemical Reports of Modified (N-doped)
Graphene

As mentioned earlier, through the modification of graphene one can tailor its
properties to produce task specific graphene. Although there are a wide range of
modified graphenes that can be synthesised (the electrochemical applications
of which are fully explored in Chap. 4), in this section we focus solely on the use
of nitrogen doped (N-doped) graphene to give readers a general overview of how
the resultant properties of the modified graphene differ from that of pristine
graphene and hence can lead to beneficial outcomes.
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The chemical doping of graphene falls into two key areas: (i) the adsorption of
organic, metallic and gaseous molecules/compounds onto the graphene surface;
and (ii) substitutional doping, where heteroatoms are introduced into the graphene
lattice, such as nitrogen and boron [66–69]. Both approaches have been reported to
alter the electronic properties of graphene (including the DOS, which in turn
influences the heterogeneous electron transfer properties observed as was high-
lighted in Chap. 2) [66, 70], where for example doping with boron or nitrogen
atoms allows graphene transformation into either a p- or n-type semiconductor
respectively [70–73]. Generally the doping of graphene with nitrogen is favoured
and widely pursued because it is (a nitrogen atom) of comparable atomic size and
the fact that it contains five valence electrons that are available to form strong
valence bonds with carbon atoms [74].

Wang and co-workers provide a thorough overview of the synthesis of N-doped
graphene [66], in which the authors overview the many fabrication routes avail-
able, which include direct synthesis (such as through CVD), solvothermal
approaches, arc-discharge, and post-synthesis treatments such as thermal, plasma
and chemical methods [66, 75]; Table 3.1 overviews these various methodologies.

Through the doping of graphene to produce N-doped graphene, three common
bonding configurations arise, which are: quaternary N (or graphitic N), pyridinic N,
and pyrrolic N. As shown in Figs. 3.25 and 3.26, pyridinic N bonds with two C
atoms at the edges or defects of graphene contribute one p electron to the p system
while Pyrrolic N refers to N atoms that contribute two p electrons to the p system,
although unnecessarily bond into the five-membered ring, as in pyrrole. Quater-
nary N refers to N atoms that substitute for C atoms in the hexagonal ring. Among
these nitrogen types, pyridinic N and quaternary N are sp2 hybridised and pyrrolic
N is sp3 hybridised. Apart from these three common nitrogen types, N oxides of
pyridinic N have been observed in both the N-graphene and N-CNT studies where
the nitrogen atom bonds with two carbon atoms and one oxygen atom [66, 96, 97].

In terms of the electrochemical application of doped graphene, one area where
N-doped graphene is being extensively studied is as a replacement for platinum in
fuel cells [68, 77, 91, 98–101]. Other work has reported the electrochemical oxi-
dation of methanol (again for fuel cell applications), fast electron transfer kinetics
for glucose oxidase, and high sensitivity and selectivity for glucose bio-sensing, in
addition to the direct sensing of hydrogen peroxide [68, 77, 91, 98–101].

3.2.5 The Electrochemical Response of Graphene Oxide

GO is by no means a new material, with first reports emerging around 1859.
Structurally it constitutes single atomic layers of functionalised (oxygenated)
graphene that can readily extend up to tens of lm in lateral dimension. GO can be
viewed as an unconventional type of soft material as it carries the characteristics of
polymers, colloids, membranes and is an amphiphile [102, 103]. The specific
structure of GO is debatable and Fig. 1.4 (found in Chap. 1) shows the various

114 3 The Electrochemistry of Graphene

http://dx.doi.org/10.1007/978-1-4471-6428-9_2
http://dx.doi.org/10.1007/978-1-4471-6428-9_2
http://dx.doi.org/10.1007/978-1-4471-6428-9_1
http://dx.doi.org/10.1007/978-1-4471-6428-9_1


T
ab

le
3.

1
N

it
ro

ge
n-

do
pi

ng
m

et
ho

ds
an

d
ni

tr
og

en
(N

)
co

nc
en

tr
at

io
n

on
gr

ap
he

ne
.

R
ep

ri
nt

ed
w

it
h

pe
rm

is
si

on
fr

om
R

ef
.

[6
6]

.
C

op
yr

ig
ht

20
12

A
m

er
ic

an
C

he
m

ic
al

S
oc

ie
ty

N
o.

S
yn

th
es

is
m

et
ho

d
P

re
cu

rs
or

s
N

co
nt

en
t,

at
.

%
A

pp
li

ca
ti

on
/r

ef
er

en
ce

1
C

V
D

C
u

fi
lm

on
S

i
su

bs
tr

at
e

as
ca

ta
ly

st
,

C
H

4
/N

H
3

1.
2–

8.
9

F
E

T
/

[7
0]

2
C

V
D

C
u

fo
il

as
ca

ta
ly

st
,

N
H

3
/H

e
1.

6–
16

O
R

R
/

[7
6]

3
C

V
D

N
i

fi
lm

on
S

iO
2
/S

i
su

bs
tr

at
e

as
ca

ta
ly

st
,

N
H

3
/C

H
4
/H

2
/A

r
(1

0:
50

:6
5:

20
0)

4
O

R
R

/
[7

7]

4
C

V
D

C
u

fo
il

as
ca

ta
ly

st
,

ac
et

on
it

ri
le

*
9

L
it

hi
um

ba
tt

er
y

/
[7

8]
5

C
V

D
C

u
fo

il
as

ca
ta

ly
st

,
py

ri
di

ne
*

2.
4

F
E

T
/

[7
9]

6
S

eg
re

ga
ti

on
gr

ow
th

C
ar

bo
n-

co
nt

ai
ne

d
N

i
la

ye
r

on
ni

tr
og

en
-c

on
ta

in
ed

bo
ro

n
la

ye
r

0.
3–

2.
9

F
E

T
/

[8
0]

7
S

ol
vo

th
er

m
al

L
i 3

N
/C

C
l 4

(N
G

1)
or

N
3
C

3
C

l 3
/L

i 3
N

/C
C

l 4
(N

G
2)

4.
5

(N
G

1)
or

16
.4

(N
G

2)
O

R
R

/
[8

1]
8

A
rc

di
sc

ha
rg

e
G

ra
ph

it
e/

H
2
H

e/
py

ri
di

ne
(N

G
1)

gr
ap

hi
te

/H
2
/H

e/
N

H
3

(N
G

2)
tr

an
sf

or
m

at
io

n
of

na
no

di
am

on
d/

H
e/

py
ri

di
ne

(N
G

3)
0.

6
(N

G
1)

,1
(N

G
2)

,1
.4

(N
G

3)
[8

2,
83

]

9
T

he
rm

al
tr

ea
tm

en
t

N
+

io
n-

ir
ra

di
at

ed
gr

ap
he

ne
,

N
H

3
1.

1
F

E
T

/
[8

4]
10

T
he

rm
al

tr
ea

tm
en

t
G

ra
ph

it
e

ox
id

e
af

te
r

th
er

m
al

ex
pa

ns
io

n,
N

H
3
/A

r
2.

0–
2.

8
O

R
R

/
[8

5]
11

T
he

rm
al

tr
ea

tm
en

t
G

N
R

,
N

H
3

N
S

D
F

E
T

/
[8

6]
12

T
he

rm
al

tr
ea

tm
en

t
G

O
,

N
H

3
/A

r
(1

0
%

N
H

3
)

*
3–

5
F

E
T

/
[8

7]
13

T
he

rm
al

tr
ea

tm
en

t
G

O
,

N
H

3
6.

7–
10

.7
8

M
et

ha
no

l
ox

id
at

io
n

/
[8

8]
14

T
he

rm
al

tr
ea

tm
en

t
G

O
,

m
el

am
in

e
7.

1–
10

.1
O

R
R

/
[8

9]
15

P
la

sm
a

tr
ea

tm
en

t
G

ra
ph

it
e

ox
id

e
af

te
r

th
er

m
al

ex
pa

ns
io

n,
N

2
pl

as
m

a
8.

5
O

R
R

/
[6

8]
16

P
la

sm
a

tr
ea

tm
en

t
G

ra
ph

it
e

ox
id

e
af

te
r

th
er

m
al

ex
pa

ns
io

n,
N

2
pl

as
m

a
3

O
R

R
/

[9
0]

17
P

la
sm

a
tr

ea
tm

en
t

C
he

m
ic

al
ly

sy
nt

he
si

se
d

gr
ap

he
ne

,
N

2
pl

as
m

a
*

1.
3

B
io

se
ns

or
s

/
[9

1]
18

P
la

sm
a

tr
ea

tm
en

t
G

O
,

tr
ea

t
w

it
h

H
2

pl
as

m
a

fi
rs

t,
th

en
tr

ea
t

w
it

h
N

2
pl

as
m

a
1.

68
–2

.5
1

U
lt

ra
ca

pa
ci

to
r

/
[9

2]
19

P
la

sm
a

tr
ea

tm
en

t
M

ec
ha

ni
ca

ll
y

ex
fo

li
at

ed
gr

ap
he

ne
or

bi
la

ye
r

gr
ap

he
ne

gr
ow

n
by

C
V

D
,

N
H

3
pl

as
m

a
N

S
D

F
E

T
/

[9
3]

20
N

2
H

4
tr

ea
tm

en
t

G
O

,
N

2
H

4
,

N
H

3
4.

01
–5

.2
1

[9
4]

21
N

2
H

4
tr

ea
tm

en
t

G
ra

ph
it

e
ox

id
e

af
te

r
th

er
m

al
ex

pa
ns

io
n,

N
2
H

4
1.

04
E

le
ct

ro
ch

em
ic

al
se

ns
or

/
[9

5]

A
bb

re
vi

at
io

ns
:C

V
D

ch
em

ic
al

va
po

ur
de

po
si

ti
on

;
G

N
R

gr
ap

he
ne

na
no

ri
bb

on
s;

G
O

gr
ap

he
ne

ox
id

e;
N

SD
no

ts
ta

te
d;

F
E

T
fi

el
d-

ef
fe

ct
tr

an
si

st
or

;
O

R
R

ox
yg

en
re

du
ct

io
n

re
ac

ti
on

3.2 Fundamental Electrochemistry of Graphene 115



models that can exist along with the most recent proposition shown in Fig. 3.27
which accounts for weaknesses in the models proposed in Fig. 1.4 [104].

As highlighted in Chap. 1 GO is useful, in that, a common approach to fabricate
graphene is to chemically, thermally or electrochemically reduce GO. Of note is
work by Zhou et al. [105] who have reported the electrochemical reduction of GO
films, which has resulted in a material that has a low O/C ratio. Such reduction
proceeds via the following electrochemical process (where ER implies electro-
chemically reduced):

GOþ aHþ þ be� ! ER:GOþ cH2O ð3:7Þ

Of importance here is that the electrochemical reduction gives rise to voltam-
metric reduction waves at highly negative potentials. Figure 3.28 depicts the
electrochemical reduction of GO where the cathodic peak potentials are observed
to shift negatively as the pH increases [105]. This is believed to be a consequence
of the protonation involved in the electro-reduction process (see Eq. 3.7), which is
facilitated at lower pH values.

Exploring the electrochemistry of GO further, it is important to note that in
other work the cyclic voltammetric response of GO has been shown to be unique
towards specific electron transfer redox probes [106]. Given this fact, such unique

Fig. 3.25 Bonding
configurations for nitrogen
atoms in N-graphene.
Reprinted with permission
from Ref. [66]. Copyright
2012 American Chemical
Society

Fig. 3.26 Schematic
representation of N-doped
graphene. The blue, red,
green, and yellow spheres
represent the C, ‘‘graphitic’’
N, ‘‘pyridinic’’ N, and
‘‘pyrrolic’’ N atoms in the N-
doped graphene, respectively.
Evidence of the N-doped
graphene structure is
supported by XPS. Reprinted
with permission from
Ref. [70]. Copyright 2009
American Chemical Society
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voltammetry can thus be used (as a characterisation technique) to ensure that GO
has been fully transformed to graphene by exploring the voltammetric response
before and after the chosen treatment has been applied [106]. Figure 3.29a shows
the voltammetric response of increasing amounts of GO immobilised on an
electrode surface (using the outer-sphere redox probe hexaammine-ruthenium(III)
chloride), which is directly compared with that of increasing graphene additions

Fig. 3.27 A new structural model of GO: a surface species and b folded carbon skeleton.
Reprinted with permission from Ref. [104]. Copyright 2006 American Chemical Society

Fig. 3.28 Linear sweep voltammograms (in phosphate buffer solution (PBS)) of a GC electrode
in contact with *7-mm-thick GO film supported on quartz (5 9 4 cm2) at pH values of 4.12 (a),
7.22 (b), 10.26 (c) and 12.11 (d). Note that (e) represents a response recorded at the unmodified/
bare GC electrode suspended in Na-PBS (1 M, pH 4.12). Reproduced from Ref. [105] with
permission from Wiley

3.2 Fundamental Electrochemistry of Graphene 117



(Fig. 3.29b). It can be readily observed that unique voltammetry is evident at the
GO modified electrode, which is quite different to that observed at the graphene
modified electrode, where it is thought that in the case of GO the oxygenated
species present contribute to a catalytic process, the EC0 reaction (see Sect. 2.5),
where a first ‘electron transfer process’ (E process), as described generally as
[106]:

Aþ e� � B E Stepð Þ ð3:8Þ

is then followed by a ‘chemical process’ (C process) involving the electro-gen-
erated product, B, which regenerates the starting reactant, A, as described by [106]:

Bþ C�!k Aþ products C Stepð Þ ð3:9Þ

The voltammetric response arises as the amount of C is increased; which is
attributed to the oxygenated species of the GO in this case [106]. Bear in mind that
this response is unique to hexaammine-ruthenium(III) chloride and also occurs to a
lesser extent for potassium hexachloroiridate(III) [106]. Crucially, the observed
voltammetric reduction waves evident in Fig. 3.28 coupled with the voltammetry
observed in Fig. 3.29 can be used as a measure to determine whether GO has been
efficiently (electrochemically) reduced prior to its application in a plethora of areas
[105, 106].

Fig. 3.29 Cyclic voltammetric profiles recorded towards 1 mM hexaammine-ruthenium(III)
chloride in 1 M KCl. Scan rate: 100 mVs-1 (vs. SCE). a obtained using an EPPG electrode
(dotted line) after modification with increasing depositions of 1.38, 2.75 and 8.25 lg GO (solid
lines). Reproduced from Ref. [106] with permission from The Royal Society of Chemistry.
b Obtained using an EPPG electrode (dotted line) with the addition of increasing amounts of 100,
200 and 300 ng graphene (solid lines). Reproduced from Ref. [33] with permission from The
Royal Society of Chemistry
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3.2.6 Electrochemical Characterisation of CVD Grown
Graphene

The electrochemistry of CVD fabricated graphene can yield beneficial insights into
the surface structure of the grown graphene layer [107, 108]. It has been dem-
onstrated that through the careful choice of redox probes, different voltammetric
responses can be observed, allowing insights into the structure and composition of
the surface under investigation to be readily derived [107, 108].

In the case of CVD grown graphene that possesses a uniform (and complete)
coverage of graphene, however with graphitic islands present randomly distributed
across the surface; when using the outer-sphere redox probe ‘hexaammine-ruthe-
nium(III) chloride’ to characterise the surface of the graphene electrode, a typical
peak shaped cyclic voltammetric profile is observed and would indicate that a
uniform ‘graphene’ film has been successfully fabricated (Fig. 3.30a). In this case,
the outer-sphere electron transfer probe is surface insensitive (see Box 3.1) and thus
the graphene electrode (namely all of the edge plane sites present) merely acts as a
source (or sink) of electrons such that the majority of the geometric electrode area
participates in the electrochemical reaction; resulting in heavily overlapping dif-
fusional zones (see Fig. 3.30c, which is of course dependent on the applied scan rate)
and hence a macro-electrode type response (cyclic peak shaped) is observed [107]. It
is only by using redox probes with varying surface sensitivities however that
material scientists are able to fully characterise their CVD grown graphene; we now
consider the electrochemical response when utilising an inner-sphere redox probe.

If the redox probe is changed to an inner-sphere probe such as ‘potassium
ferrocyanide(II)’, it is possible that a completely different voltammetric response is
observed, as shown in Fig. 3.30b, where a steady-state voltammetric response is
evident; this is usually seen at microelectrodes (see Chap. 2)—note that the vol-
tammetric response in Fig. 3.30b is obtained after potential cycling. It is well
documented that potassium ferrocyanide is highly surface sensitive (see Box 3.1)
and exhibits a response dependent on the Carbon-Oxygen surface groups present
on the surface of an electrode, ranging from beneficial to detrimental responses
[41]. Since only a certain number of graphitic domains (that is, double-, few- and
multi-layered graphene) residing on the surface are activated with the correct
proportion of Carbon-Oxygen groups through potential cycling, only certain areas
of the electrode surface become activated. This effectively produces a random
array of active areas across the electrode surface, which have their own diffusion
zones (see Fig. 3.30c), the majority of which are separated far from each other
(under the applied voltammetric scan rate utilised in the given work) [107] such
that these diffusion zones do not interact and thus sigmoidal voltammetry is
observed. In this case, assuming that each activated zone/domain is akin to a
microelectrode array, the electrochemical response, that is, a limiting current (see
Chap. 2) is given by:

IL ¼ nFrCDN ð3:10Þ
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where n is the number of electrons, F the Faraday constant, C is the concentration
of the analyte, D the diffusion coefficient of the analyte and r is the electrode radii.
Note that N is the number of electrodes/activated zones/domains comprising the
CVD surface and the magnitude of the voltammetry observed in Fig. 3.30b is
simply ‘‘amplified’’ by N if the criteria that each diffusion zone is independent of
each other and not overlapping, is apparent. It is apparent that the current is larger
at the steady-state response (Fig. 3.30b) over that of the peak shaped response

Fig. 3.30 a Cyclic voltammetric profiles recorded utilising 1 mM hexaammine-ruthenium(III)
chloride in 1 M KCl, obtained using a CVD-graphene electrode (dashed line). b Cyclic
voltammetric profiles recorded for 1 mM potassium ferrocyanide(II) in 1 M KCl using a CVD-
graphene electrode. c A schematic representation of differing diffusion zones observable towards
graphitic islands present upon CVD-graphene. a and b performed at a scan rate of 100 mVs-1

(vs. SCE). Figure reproduced from Ref. [107] with permission from The Royal Society of
Chemistry

120 3 The Electrochemistry of Graphene



(Fig. 3.30a) which is due to the above description, through being an array of
microelectrdes/activated domains.

The importance of utilising different electrochemical redox probes in order to
gain insights and effectively characterise potential electrode materials (viz Box
3.1) has thus been shown above. For instance if indeed a complete coverage of
uniform single-layered pristine graphene had been present in the above case no
voltammetric responses would have been observed. If defects occur across the
basal plane surface then the voltammetry would appear very slow, slower than that
observed for a BPPG with the response becoming more reversible (towards that of
EPPG) as the global coverage of edge plane like- defects increased. Furthermore,
other scenarios could exist, as explored below.

An interesting scenario can occur when material scientists grown their graphene
via CVD and fail to perform adequate control experiments, as is common in the
literature. That is, a beneficial electrochemical response is observed using the CVD
grown graphene and control experiments using the underlying metal surface that
the graphene has been grown upon, typically nickel [109, 110] or copper [11, 111]
have been neglected to be performed using the same redox probe used to char-
acterise the graphene surface. Figure 3.31 shows the case of a non-continuous
graphene film where the underlying metal surface upon which the graphene was
grown is exposed to the solution [107, 108]. In this case, we have a heterogeneous
electrode surface which is reminiscent of the case of the HOPG surface as dis-
cussed in Sect. 3.1.2 where again, the two surfaces will have their own electro-
chemical activity (heterogeneous rate constant) towards the given redox probes;

Fig. 3.31 A schematic representation of non-continuous CVD grown graphene electrode where
the underlying metal surface is exposed to the solution, both with different Butler-Volmer
characteristics. Note that the depending on the shape, size and reactivity of the given exposed
surface (and that of the graphene), different voltammetry will be observed as per Chap. 2
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that is, the graphene film, k0
graphene and the underlying metal surface k0

metal surface

upon which the graphene has been grown.
In the first case, if the graphene film has a greater electrochemical activity over

that of the underling metal surface, such that k0
graphene � k0

metal surface, the grown
graphene domains will dominate the electrochemical response. Assuming that the
coverage of graphene is of the macro-electrode scale this will giving rise to peak
shaped voltammetry as the surface will be akin to a macroelectrode. However,
note that as the graphene sheet becomes non-continuous and graphene islands are
formed (which are randomly distributed across the underlying metal surface), each
graphene domain will have its own diffusion zone and if these are not heavily
overlapping (see Fig. 3.30c) such that these diffusion zones do not interact, sig-
moidal voltammetry will dominate. Thus the above case will likely be observed as
discussed in Fig. 3.30 with select redox probes: depending on the graphene’s size,
shape and orientation (as well as surface coverage) different voltammetry will be
observed, as covered in Chap. 2. Note of course that this will also depend upon the
chosen voltammetric scan rate, the diffusion coefficient of the electroactive target/
analyte and the coverage of the dominant electrochemically active material.

In the second case of a non-continuous graphene film, the underlying metal
surface (due to its reactivity) will act like an electrode and if the metal has
favourable electrochemical properties towards the electrochemical analyte which
is of interest, it will contribute to the observed electrochemical response or even
dominate it; misleading researchers into thinking that graphene exhibits excellent
electrochemical properties [107, 108]. In this case, assuming k0

graphene �
k0

metal surface the metal surface will dictate the electrochemical response depending
on the coverage of the graphene film/islands. If the coverage of graphene is large,
such that only nano- or micro- bands of the underlying metal are exposed, a
microelectrode type response will be observed in the form of a steady-state
response (sigmoidal voltammetry) where the magnitude of the current is amplified
by the number of exposed domains and will be governed by Eq. (3.10). However,
this will depend upon the distribution of the graphene islands and an alternative
case might result in even macro-electrode type structures/areas of the underlying
metal being exposed! This last case will obviously result in peak shaped vol-
tammetry dominating, which after being originally theorised in Ref. [107], has
been shown recently at ill formed graphene grown upon nickel and copper such
that the exposed underlying electrode dominates over that of graphene (in this case
due to the poor fabrication, the exposed surfaces are large irregular macro-sized
domains) [112]. The key to determining if the underlying surface is contributing
towards the observed electrochemical response is to run control experiments, that
is, perform the same voltammetry using the underlying supporting material (viz no
graphene) to determine the extent of the electrochemical activity.

Last, a really unique response might be observed, which was discussed in
Sect. 3.1.2 with respect to HOPG electrode surfaces, such that two voltammetric
peaks might be observed! In this case a first peak would arise from a material
exhibiting fast electron transfer and a second peak from the graphene surface. The

122 3 The Electrochemistry of Graphene

http://dx.doi.org/10.1007/978-1-4471-6428-9_2
http://dx.doi.org/10.1007/978-1-4471-6428-9_2


extent of the observed voltammetry will depend on the electrochemical activity of
the two materials comprising the heterogeneous surface, the distance between
active sites (diffusion zones), voltammetric scan rates, the diffusion coefficient of
the electroactive target/analyte and the coverage of the dominant electrochemi-
cally active material.

It is evident, due to the above scenarios, that the electrochemistry of CVD
grown graphene is highly fascinating. This section has also highlighted that
materials scientists can beneficially utilise electrochemistry as a tool to assist in the
characterisation of their fabricated ‘graphene’ material.
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