Dale A. C. Brownson - Craig E. Banks

The Handbook
of Graphene
Electrochemistry

hr_




The Handbook of Graphene Electrochemistry



Dale A. C. Brownson - Craig E. Banks

The Handbook of Graphene
Electrochemistry

@ Springer



Dale A. C. Brownson

Craig E. Banks

Faculty of Science and Engineering, School
of Science and the Environment, Division
of Chemistry and Environmental Science

Manchester Metropolitan University

Manchester

UK

ISBN 978-1-4471-6427-2 ISBN 978-1-4471-6428-9  (eBook)
DOI 10.1007/978-1-4471-6428-9
Springer London Heidelberg New York Dordrecht

Library of Congress Control Number: 2014935967

© Springer-Verlag London Ltd. 2014

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must
always be obtained from Springer. Permissions for use may be obtained through RightsLink at the
Copyright Clearance Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



My best moment? I have a lot of good
moments but the one I prefer is when
[ kicked the hooligan.

Eric Cantona



Preface

Graphene, a one-atom thick individual planar carbon layer, has been reported to
possess a range of unique and exclusive properties and is consequently being
explored in a plethora of scientific disciplines. Although theoretically graphene has
been scientifically investigated since the 1940s and was known to exist since the
1960s, the recent burst of interest can be correlated with work by Geim and
Novoselov in 2004/2005, who reported the so-called “scotch tape method” for the
production of graphene in addition to identifying its unique electronic properties.
Thereafter, the 2010 Nobel Prize in Physics was awarded jointly to Geim and
Novoselov “for groundbreaking experiments regarding the two-dimensional
material graphene”. As a result there is a global pursuit to find new ‘industrial
scale’ methodologies for the facile fabrication of pristine graphene and other
graphene family members. Furthermore, graphene and related structures are being
extensively incorporated into an ever diversifying range of applications across
many areas in the search for greatly improved device performance.

One area which receives significant interest is the field of electrochemistry
where graphene has been reported to be beneficial in various applications ranging
from sensing through to energy storage and generation and carbon-based molec-
ular electronics.

This handbook aims to provide readers with a fundamental introduction into
electrochemistry, allowing one to be able to design and interpret experiments
utilising graphene. Subsequent chapters consider current literature reports
regarding fabricating graphene, utilising graphene as an electrochemical sensor
and its impact on energy storage and production. Due to the range of currently
available graphenes and those that will likely be fabricated in the near future along
with the wide applications of graphene in electrochemistry, the area is truly
fascinating.

March 2014 Dale A. C. Brownson
Craig E. Banks
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Chapter 1
Introduction to Graphene

In this chapter we first explore the fascinating story behind graphene’s emergence
onto the scientific horizon, thereafter focusing on the various methodologies for
fabricating graphene before finally depicting the truly outstanding and exceptional
properties of graphene to be reported in the literature, which have captured the
imagination of scientists in a plethora of disciplines.

1.1 The Origins of Graphene

According to IUPAC, the suggested definition of graphene is: a single carbon layer
of the graphite structure, describing its nature by analogy to a polycyclic aromatic
hydrocarbon of quasi infinite size [1]. It is then noted by IUPAC that previously,
descriptions such as graphite layers, carbon layers or carbon sheets have been used
for the term graphene. Because graphite designates that modification of the chemical
element carbon, in which planar sheets of carbon atoms, each atom bound to three
neighbours in a honeycomb-like structure, are stacked in a three-dimensional
regular order, it is not correct to use for a single layer a term which includes the term
graphite, which would imply a three-dimensional structure. The term graphene
should be used only when the reactions, structural relations or other properties of
individual layers are discussed [1]; a conceptual depiction along with scanning
electron microscope (SEM) and transmission electron microscope (TEM) images of
the graphene structure are shown in Fig. 1.1.

1.1.1 Graphene: A Brief History

The exact history of graphene and how it appeared on the scientific horizon is
fascinating. In theory, as an integral part of various three-dimensional materials,
graphene has been studied since the 1940s [2—4]. In 1947 Philip Wallace wrote a
pioneering paper concerning the electronic behaviour of graphite that sparked

D. A. C. Brownson and C. E. Banks, The Handbook of Graphene Electrochemistry, 1
DOI: 10.1007/978-1-4471-6428-9_1, © Springer-Verlag London Ltd. 2014



2 1 Introduction to Graphene

Fig. 1.1 A conceptual model
depicting the structure of
graphene (a) and TEM (b)/
SEM (c) images of a single
atomic layer of graphite,
known as graphene. A high-
resolution TEM (d) image is
also shown, where the white
arrow indicates the edge of
the graphene sheet. Note, in
reality, the graphene utilised
in the majority of work
deviates from that of ‘true’
graphene. b and d are
reproduced from Ref. [8] with
permission from The Royal
Society of Chemistry and ¢ is
reproduced from Ref. [9] with
permission from Elsevier

interest into the exploration of graphene [3], however it was not until the recent
work of Novoselov et al. [5, 6] and Zhang et al. [7] that interest in graphene
escalated due to reports of its unique properties [8].

In 2004 Novoselov et al. reported the development of a simple, yet time
consuming methodology in which one could produce and observe microscopic
few-layer graphene crystals on silicon wafers (silicon dioxide on silicon) [5].
Subsequently, this technique has been copied globally as a protocol to produce
large area single layer graphene samples, allowing two-dimensional transport
studies to be performed [11]. Resultantly, in 2010 the Nobel Prize in Physics was
awarded jointly to Geim and Novoselov for ground breaking experiments
regarding the two-dimensional material graphene [12]. However, as highlighted by
de Heer [11], there is a common misconception regarding the 2004 paper by
Novoselov and Geim. In his letter to the Nobel Committee addressing such issues
(a copy of which can be found at Appendix A), de Heer noted that the majority of
scientific publications incorrectly cite the 2004 report as the paper that presented
both the ‘scotch tape method’ and graphene’s unique electronic properties to the
world [11]. In fact such findings were not reported with regards to individual single
layer graphene in 2004 [5], but actually in a 2005 paper by Novoselov and Geim
[6, 11]. Furthermore, in reality, graphene had been identified and characterised as a
two-dimensional-crystalline material in many reports prior to 2004 where ultra-
thin graphitic films were observed and occasionally even monolayer graphene (see
for example Refs. [8] and [13] for pertinent reviews) [11, 14].

Dryer et al. [13] have elegantly produced a detailed account of the synthesis and
characterisation of graphene; Fig. 1.2 shows a timeline representing the history of
the preparation, isolation and characterisation of graphene as given in Ref. [13]. Of
note is that in 1962, H.-P. Boehm, who coined the name graphene in 1986 [15-17],
reported his observations of graphene and demonstrated beyond reasonable doubt
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4 1 Introduction to Graphene

the existence of freestanding graphene [15—17]. Dryer et al. point out that in the 1962
report, Boehm et al. isolated reduced graphene oxide with heteroatomic contami-
nation rather than pristine graphene [18], where ultimately as a result of this the
electrical conductance is significantly lower for this material than for pristine
graphene prepared by the ‘scotch tape method’ [17-20]. Of historical significance is
that, excluding the work of Boehm et al. reports of graphene prior to 2004 were
merely observational and failed to describe any of graphene’s distinguishing
properties [8, 13]. Thus, the 2005 report by Novoselov and Geim can be considered
as the first to report both the isolation of ‘pristine’ graphene (i.e. single layer
graphene without heteroatomic contamination) and its unique properties to the
world; which in doing so sparked the graphene gold rush and brought new and
exciting physics to light [8, 13].

Since the pioneering reports of 2004/2005 many other unique properties have
been assigned to graphene (see Sect. 1.3) and a significant array of other meth-
odologies has been reported regarding its fabrication (see Sect. 1.2) [21-29].
Graphene has truly captured the imagination of scientists from around the globe
and is now an extensive and vibrant area of research, where its utilisation has
resulted in an improved understanding of fundamental factors in addition to sig-
nificantly enhanced device performance in a wide range of scientific fields.

1.1.2 Graphene: Meet the Family

Pristine graphene is a two-dimensional sp® bonded carbon nanostructure [2, 30].
Most significantly however, graphene is a key derivative of carbon and originates
from a large family of fullerene nanomaterials where it is the essential ‘building
block’ for many of the allotropic dimensionalities that have significant and
widespread use as electrode materials [2, 30].

The constituent atoms of graphite, fullerenes and graphene share the same basic
structural arrangement in that each structure begins with six carbon atoms which are
tightly bound together (chemically, with a separation of ~0.142 nm) in the shape
of a regular hexagonal lattice [31]. At the next level of organisation graphene is
widely considered as the ‘mother of all graphitic forms’, where, as depicted in
Fig. 1.3, in addition to existing in its planar state a singular graphene sheet can be
‘wrapped’ into a zero-dimensional spherical Cgo buckyball, ‘rolled’ into a one-
dimensional carbon nanotube (CNT) (further categorised into single- or multi-
walled depending on the number of graphene layers present (SWCNTs/MWCNTSs
respectively)), or multiple graphene sheets can be ‘stacked’ into three-dimensional
graphite (generally consisting of >8 graphene layers, see below for further details);
the stacked graphene sheets/planes in graphite are separated by a distance of
0.335 nm and are held together by weak, attractive intermolecular forces [31].

It is important to note that the graphene structure itself (that is, in its standard
pristine form, a single layer/sheet of the carbon structure) is often referred to as a
graphene nano sheet (GNS) which implies a large, scalable graphene sheet of
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Fig. 1.3 The “mother of all graphitic forms”. Schematic representation of graphene, which is
the fundamental starting material for a variety of fullerene materials; Cg, (buckyballs) (bottom
row at the left), CNTs (bottom row in the centre), and graphite (bottom row at the right).
Reproduced from Ref. [2] with permission from the Nature Publishing Group

‘quasi-infinite size’; however, variations in the graphene structure do exist.
Graphene nano ribbons (GNRs) are strips of graphene that possess an ultra-thin
width (<50 nm) (note that other various shapes also exist) [32], whereas graphene
nano-platelets are a further variation (often referred to as double-, few-, or multi-
layered graphene sheets) which are characterised by stacks consisting of between 2
and 7 graphene sheets and thus should not be considered as graphene (which
implies 1 individual carbon layer) or graphite (which implies a structure of 8 or
more graphene layers) but as an intermediate phase with distinct properties that
vary accordingly with increasing layer numbers until the graphite structure is
achieved [33-36]; this intermediate phase of graphene/graphite is known as quasi-
graphene [37, 38], however given the varying properties it is wise to state the
number of graphene layers when working within this subgroup. Increasing
the number of graphene layers past 8 results in negligible alterations in terms of
the evolution of the electronic structure and various other properties of graphene
and such structures are thus to be considered as graphite (as determined by Raman
spectroscopy and scanning electrochemical cell microscopy (SECM)) [33-36].
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Fig. 1.4 Proposed configurations for GO when synthesised via varying routes. Reproduced from
Ref. [36, 37] with permission from The Royal Society of Chemistry

Finally, another form of graphene that is commonly employed across the lit-
erature is that of graphene oxide (GO). GO consists of graphene that has been
oxidised within the employed fabrication process or spontaneously by contact with
air, however, this form is usually chemically or electrochemically reduced before
use (see Sect. 1.2.3) [41]. Depending on the fabrication approach utilised to
synthesise GO its structure varies significantly in terms of the presence of specific
oxygenated species and their given quantities; Fig. 1.4 depicts the proposed
structure of GO as produced through varied fabrication methodologies. It is
important to bear in mind that different oxygenated species present on various GOs
will significantly influence the observed electrochemical response.

1.2 Fabricating Graphene

Preparative methods of graphene are currently a heavily researched and important
issue. The search for a methodology that can reproducibly generate high quality
monolayer graphene sheets with large surface areas and large production volumes
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is greatly sought-after. Consequently, several physical and chemical methods exist
for the production of graphene, which include the mechanical or chemical exfoli-
ation of graphite, unrolling of CNTs (either through electrochemical, chemical or
physical methods), Chemical Vapour Deposition (CVD) or epitaxial growth,
reduction of GO and many other organic synthetic protocols [18, 30, 42—44];
researchers are currently exploring new and innovative approaches for the facile
fabrication of graphene. It is important to note however that each method has innate
advantages and disadvantages in terms of the resultant quality (properties), quantity
and thus electrochemical applicability of the graphene produced and that there is
presently no single method that exists for the production of graphene sheets that are
suitable for all potential applications [30, 44]. Table 1.1 gives a direct comparison
of selected graphene fabrication methodologies with their inherent advantages and
disadvantages.

1.2.1 Mechanical Exfoliation

Among the methods stated above, dry mechanical exfoliation remains one of the
most popular and successful methods for producing single- or few-layers of
graphene [45]. This approach is known as the so-called “scotch tape method”. As
highlighted in Fig. 1.5, D.I.Y. graphene is possible given that this method is
relatively simple, the process involves cleaving a sample of graphite (usually
HOPG) with a cellophane-based adhesive tape [5]. The number of graphene layers
formed can be controlled to a limited degree via the number of repeated peeling
steps performed prior to the flakes then being transferred to appropriate surfaces
for further study; note however that as depicted in Figs. 1.5 and 1.6a, when
present, single layer graphene crystals are usually integrated with few- and multi-
layer graphene crystals and it is a difficult and time consuming process to separate
out these individual graphene sheets. Nonetheless, this method is ideally suited for
the investigation of graphene’s physical properties given that it does allow the low
cost isolation of single graphene sheets that are of high quality [5, 43], however,
disadvantages including poor reproducibility, low-yield and the labour intensive
processes required result in it being difficult to scale this process to mass pro-
duction and have thus lead to this method being used predominantly only for
fundamental studies [43]. Moreover, the process generally yields graphene flakes
of small sizes, although graphene flakes with sizes of up to 1 mm have been
obtained; see Fig. 1.6b. A further disadvantage of this process is the possible
damage (disrupting the basal surface, viz the generation of edge plane like-sites/
defects) and contamination of the graphene samples, particularly from the adhe-
sive utilised in the cellophane-based tape, which renders this method less
appealing for the electrochemical investigation of pristine graphene.
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D.LY. Graphene

1 Work in a clean environment; stray dirt or hair plays havoc with graphene samples.

2 Prepare a wafer of oxidized silicon, which helps you see graphene layers under
a microscope. To smooth out the surface to accept the graphene and to clean it
thoroughly, apply a mix of hydrochloric acid and hydrogen peroxide.

3 Attach a graphite flake to about six inches of plastic sticky tape with tweezers.
Fold the tape at a 45-degree angle right next to the flake, so that you sandwich it
between the sticky sides.
Press it down gingerly
and peel the tape apart
slowly enough so that you
can watch the graphite
ceaving smoothly in two.

4 Repeat the third step about
10 times. This procedure
gets harder to do the more
folds you make.

5 Carefully lay the cleaved
graphite sample that
remains stuck to the tape
onto the silicon. Using plastic tongs, gently press
out any air between the tape and sample. Pass the
tongs lightly but firmly over the sample for 10 min-
utes. With the tongs, keep the wafer planted on the
surface while slowly peeling off the tape. This step
should take 30 to 60 seconds to minimize shredding
of any graphene you have created.

6 Place the wafer under a microscope fitted with a 50< or 100 objective lens.

You should see plenty of graphite debris: large, shiny chunks of all kinds of shapes
and colors (upper image) and, if you're lucky, graphene: highly transparent,
crystalline shapes having little color compared with the rest of the wafer (lower
image). The upper sample is magnified 115 ; the lower 200<.

—JR Minkel, online news reporter

Graphene

Fig. 1.5 “D.IY. graphene: how to make one-atom-thick carbon layers with sticky tape”.
Reproduced with permission from Ref. [30]. Copyright J. R. Minkel, Scientific America, Inc. 2008

1.2.2 Chemical Exfoliation

An alternative preparative method that is commonly utilised owing to the ease of
production, high-yield and relative low cost is the chemical exfoliation of graphite
[43]. This includes ultrasound in both solution and intercalation steps, usually prior to
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20 pm

Fig. 1.6 a Optical microscopy image of single-, double- and triple-layer graphene (labelled as
1L, 2L and 3L respectively) on Si with a 300 nm SiO, over-layer. Reproduced from Ref. [48]
with permission from Elsevier. b Monolayer graphene, produced by mechanical exfoliation, on a
Si/SiO, wafer. This is a large sample with a length of 1 mm. Reproduced with permission from
Ref. [49]. Copyright 2012 D. R. Cooper et al

the implementation of a centrifugation technique. For example, one ultrasonication
route entails the use of a water-surfactant solution, sodium cholate [48], which forms
stable encapsulation layers on each side of the graphene sheets; graphite flakes are
dispersed in the aqueous surfactant solution and transformed into monolayer graphene
by the application of ultrasound, resulting in graphene-surfactant complexes having
buoyant densities that vary with graphene thickness [48, 53]. Following sonication the
obtained solutions undergo centrifugation, which results in a ‘sorting” of the graphene
and hence different fractions are observed meaning that graphite and multi-layer
graphene are not inadvertently incorporated into the graphene samples, after which
the upper part of the resultant supernatant contains single layers of graphene floating
in the solution which are then transferred using a pipette and dropped onto the surface
of choice for further study [48]. Note that graphene fabricated via this route is readily
commercially available [53, 54]. This procedure is also possible without additives in
many organic solvents that have a high affinity for graphite where ultrasonic agitation
is used to supply the energy to cleave the graphene precursor [24]. The success of
ultrasonic cleavage depends on the correct choice of solvents and surfactants as well
as the sonication frequency, amplitude and time [47]. As with mechanical exfoliation,
the quality of the obtained graphene is not always sufficient (structural damage to the
graphene can occur during preparation owing to ultrasonication, which may result in
the graphene possessing a high defect density) and additionally homogeneity of the
number of graphene layers is often poor [43], thus graphitic impurities may remain.
Note also that material produced via such means often contains remains from the
exfoliating agents utilised. These impurities can significantly affect the observed
electrochemical characteristics and performance of the 3.2.3 graphene sample (see
later for further details—Sects. 3.2.2 and 3.2.3).


http://dx.doi.org/10.1007/978-1-4471-6428-9_3
http://dx.doi.org/10.1007/978-1-4471-6428-9_3
http://dx.doi.org/10.1007/978-1-4471-6428-9_3
http://dx.doi.org/10.1007/978-1-4471-6428-9_3
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1.2.3 Reduction of GO

Another popular aqueous based synthetic route for the production of graphene
utilises GO [30, 43]. GO is produced via graphite oxide which itself can be
fabricated via various different routes. The Hummers method for example involves
soaking graphite in a solution of sulphuric acid and potassium permanganate to
produce graphite oxide [43, 55]. Stirring or sonication of the graphite oxide is then
performed to obtain single layers of GO—this is achieved given that GO’s func-
tional groups render it hydrophilic, allowing it to be dispersed in water based
solutions. Finally, GO is chemically, thermally or electrochemically reduced to
yield graphene [42, 43]. The majority of graphene used in electrochemistry is
produced through the reduction of GO (often referred to as ‘reduced GO’ or
‘chemically modified graphene’), and it is important to note that graphene pro-
duced in this manner usually has abundant structural defects (edge plane like-
sites/defects) [18, 56] and remaining functional groups which results in partially
functionalised graphene (thus is not pristine graphene): this has implications with
regards to contributory factors influencing the observed electrochemistry (see
Sect. 3.2.5). This method has the advantages of being scalable, rapid and cost
effective in addition to the beneficial handling versatility of the liquid suspension;
[44] however (as stated above) reduction to graphene is often only partial, lattice
defects and graphitic impurities can also remain after reduction and additional
interferences may arise in this case from the presence of reducing agents.

1.2.4 Miscellaneous Fabrication

Recent developments have led to the commercial availability of ‘pristine’ graphene
that is produced via a substrate-free gas-phase synthesis method [9, 27, 57]. This
single-step technique involves sending an aerosol consisting of liquid ethanol droplets
and argon gas directly into a microwave-generated argon plasma (at atmospheric-
pressure), where over a time scale in the order of 10" s, ethanol droplets evaporate
and dissociate in the plasma forming solid matter that through characterisation by
Transmission Electron Microscopy (TEM) and Raman spectroscopy is confirmed to
be clean and highly ordered graphene sheets that are similar in quality to the graphene
obtained through the mechanical exfoliation of HOPG [9, 27, 57]. In the case of
commercially available graphene, the fabricated graphene sheets are sonicated in
ethanol to form a homogeneous suspension before being distributed by the supplier
[57]. Production in this manner has proven that graphene can be created without the
use of three-dimensional materials as precursors or supporting substrates, and has
demonstrated the viability of the large-scale synthesis of graphene.


http://dx.doi.org/10.1007/978-1-4471-6428-9_3
http://dx.doi.org/10.1007/978-1-4471-6428-9_3
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(a)

Copper Oxide

Copper

—_ — L

Fig. 1.7 Schematic illustrating the three main stages of graphene growth on copper by CVD:
a copper foil with native oxide; b the exposure of the copper foil to CH4/H, atmosphere at
1000 °C leading to the nucleation of graphene islands; ¢ enlargement of the graphene flakes with
different lattice orientations. Reproduced from Ref. [57] with permission from The Royal Society
of Chemistry

1.2.5 CVD Fabrication

One of the most interesting fabrication approaches is the CVD growth of graphene.
This method appears ideally suited for applications within electrochemistry with
regards to the prevalence of uniform graphene sheets with high crystal quality and
large surface areas, which are readily transferable and can be obtained at large
manufacturing volumes [58, 59]. Additionally, CVD fabricated graphene is often
supported on a (desirable and suitable) solid substrate and as such the positioning
and orientation of the graphene can be precisely manipulated for specific purposes.
This alleviates issues with regards to the controlled placement of solution based
graphene sheets and in terms of the natural formation of graphite once the solvent is
removed, as has been reported in some cases [46]. The underlying principle of CVD
is to decompose a carbon feedstock with the help of heat in order to provide a source
of carbon which can then rearrange to form sp? carbon species. This is usually
accomplished over a catalyst [43]; for the growth of graphene, hydrocarbon gases
are generally utilised as precursors and the most successful catalysts thus far are
transition metal surfaces (namely nickel and copper) [49]. Figure 1.7 illustrates the
three main stages of graphene growth over a copper catalyst via a CVD process.
Since the discovery of a uniform deposition of high-quality single layered
graphene on copper there has been significant interest in the exploration of copper
as a catalyst for the CVD growth of graphene [60]. It has been established that the
most suitable catalysts for graphitic carbon formation are those transition metals
that have a low affinity towards carbon but that are still able to stabilise carbon on
their surfaces by forming weak bonds [60]. Interestingly, when compared to the
alternative transition metals utilised in the CVD fabrication of graphene, copper
has the lowest affinity to carbon (as reflected by the fact that it does not form any
carbide phases) and has very low carbon solubility compared to Co and Ni
(0.001-0.008 wt% at 1084 °C for Cu, 0.6 wt% for Ni at 1326 °C and 0.9 wt% for
Co at 1320 °C) [60]. Copper’s low reactivity with carbon can be attributed to the
fact that it has a filled 3d-electron shell {[Ar]3d'%4s'}, the most stable configu-
ration (along with the half filling 3d°) because the electron distribution is sym-
metrical which minimises reciprocal repulsions [60]. As a result, Cu can form only
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Fig. 1.8 SEM images of
graphene on copper grown by
CVD. a Graphene domain
grown at 1035 °C on copper at
an average growth rate of
~6 pm/min. b Graphene
nuclei formed during the
initial stage of growth. ¢ High-
surface-energy graphene
growth front shown by the
arrow in (a). Reprinted with
permission from Ref. [58].
Copyright 2011 American
Chemical Society

Graphene

Copper

-

growth front

soft bonds with carbon via charge transfer from the 7 electrons in the sp® hybri-
dised carbon to the empty 4s states of copper [60]. Hence this peculiar combi-
nation of very low affinity between carbon and copper along with the ability to
form intermediate soft bonds makes copper a true catalyst, as defined by textbooks,
for graphitic carbon formation (whereas the 3d’ and 3d® orbitals of Co and Ni are
between the most unstable electronic configuration (Fe) and the most stable one
(Cu)) [60]. Furthermore, note that often in the pursuit of obtaining large graphene
domains upon transition metal catalysts, the pre-treatment of the said foils (i.e.
annealing) has been found to be of vital importance: Refs. [46] and [60] provide
detailed overviews and further insights for interested readers.

In recent groundbreaking work, single graphene crystals with dimensions of up
to 0.5 mm were grown by low-pressure CVD in copper-foil enclosures using
methane as a precursor [61]. Low-energy electron microscopy analysis showed
that the large graphene domains had a single crystallographic orientation, with an
occasional domain having two orientations [61]. The authors report that Raman
spectroscopy revealed the graphene crystals to be uniform monolayer’s with a low
D-band intensity [61]. Scanning Electron Microscope (SEM) images of the fab-
ricated graphene are presented in Fig. 1.8—this work was the first to report the
growth of high quality large-grain-size single graphene crystals. However, bear in
mind that recent studies of graphene produced by CVD on copper (and particularly
on nickel) [46] showed that the majority of graphene produced is few- and multi-
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layered, in addition to being polycrystalline where its resultant mechanical
strength is weakened (and its electronic properties altered) at the grain boundaries
of the underlying substrate. These sites are the origin of surface defects in
graphene (graphitic impurities) and thus in an electrochemical sense the degree of
defect coverage will strongly influence the electrochemical properties of the
graphene film [46]. One of the major advantages when utilising CVD in the
fabrication of graphene is the variability in the graphene structure obtained at
various conditions and hence the CVD process allows one to tailor the surface
composition/structure [46], which will have inherent implications on its electro-
chemical performance—see Table 1.2 and Fig. 1.9 for example.

Furthermore, note that for the case of the CVD fabrication of CNTSs, metallic
impurities are commonly the ‘hidden’ origin of electrochemical activity for many
analytes, which is inherent to the CVD fabrication process, where the amount of
metallic impurities varies greatly between batches and hinders exploitation, for
example in the fabrication of reliable CNT based sensor and energy devices [66]. It
is clear that where graphene is fabricated via CVD appropriate control experiments
will need to be performed in order to confirm the absence of such metallic
impurities. Additionally, given the possible contribution of the underlying metal
support/catalyst towards the observed electrochemistry at CVD grown graphene
(where incomplete coverage of the graphene layer occurs—see Sects. 3.2.6),
investigations towards the utilisation of non-metallic catalysts for graphene’s CVD
synthesis are also encouraged to overcome this potential issue. Alternatively,
transfer of the fabricated graphene onto a more suitable insulating substrate is
often necessary and is possible [46, 59].

1.2.6 Fabrication for Electrochemical Applications

Most of the interesting applications of graphene require growth of single-layer
graphene onto a suitable substrate in addition to controllable coverage and
favourable manipulation/positioning of the graphene, which is very difficult to
control.

The more ‘practical’ solution-chemistry based approaches towards the fabri-
cation of graphene are currently favoured for electrochemical applications because
of their high yields and the flexibility of handing the graphene obtained from these
processes. [45] In these cases the graphene is usually dispersed into a solvent
which is then cast onto a suitable surface, where following evaporation the
graphene left immobilised can then be used experimentally. This process, while
facile, has inherent disadvantages such as surface instability, reproducibility and
uncertainty issues in terms of the coverage and quality of the graphene remaining
where deviation from true single layer ‘pristine graphene’ may exist (viz graphitic
impurities). Consequently, in these instances post-application characterisation of
the graphene is required for clarity [44]. Yet it is an effective way to explore the
electrochemical properties of graphene.


http://dx.doi.org/10.1007/978-1-4471-6428-9_3
http://dx.doi.org/10.1007/978-1-4471-6428-9_3
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Fig. 1.9 High-resolution SEM images of graphene nuclei grown on Cu for different growth
temperatures and times. These are identifiable as areas darker than the exposed Cu surface, which
quickly oxidise in air after being taken out from the CVD growth system. Scale bar: 1 pm.
Reprinted with permission from Ref. [59]. Copyright 2012 American Chemical Society

With future work in this field focusing on the use of single crystal substrates for the
CVD growth of graphene, through careful control of the experimental conditions one
can envisage high quality, contaminant free, single layered graphene crystals of
bespoke sizes (or alternatively selectively impure graphene with customised prop-
erties) [46] being made commercially available within the near future. Such vari-
ability is beneficial for the electrochemical utilisation of graphene. It is however
important to note; given that the structural characteristics and/or composition of
graphene are likely to vary significantly depending on the fabrication route utilised, it
is essential that any such fabricated graphene nanomaterial is thoroughly charac-
terised prior to its implementation within electrochemistry to avoid potential mis-
interpretation of the experimental data. Additionally for convention, the way the
graphene is fabricated should be referenced in its naming, for example, Staudenmaier
thermally reduced GO, Hummers produced graphene and so on.

1.3 The Unique Properties of Graphene

Since the isolation of graphene and the reporting of its exceptional electronic
properties in 2005 there has been a gold-rush in terms of exploring the full range of
properties it has to offer. Table 1.3 summarises some of the reported astonishing
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Table 1.3 Some reported

. g Property Details References
properties of graphene -

Optical transparency 97.7 % [39, 64]
Electron mobility 200,000 cm® V™! 57! [39, 64]
Thermal conductivity 5,000 Wm ™' K~ [39, 64]
Specific surface area 2,630 m> g,fl [39, 64]
Breaking strength 42 Nm™! [39, 64]
Elastic modulus 0.25 TPa [39]

properties of graphene that have been determined to date. Graphene is reported in
the media to be the “thinnest, most flexible and strongest material known”.

Clearly graphene has captured the imagination of scientists and is now a hugely
active area of research in a plethora of fields, none more so than in the field of
electrochemistry which has reported many benefits in the areas of sensing through
to energy storage and generation.

1.3.1 Electrochemically Important Properties

Carbon materials have been widely utilised in both analytical and industrial
electrochemistry, where in many areas they have out-performed the traditional
noble metals. This diversity and success stems largely from carbons structural
polymorphism, chemical stability, low cost, wide potential windows, relatively
inert electrochemistry, rich surface chemistry and electro-catalytic activities for a
variety of redox reactions [30, 68].

When reviewing the essential characteristics of an electrode material for wide-
spread applicability within electrochemistry graphene’s ‘theoretical advantage’
becomes apparent. An essential characteristic of an electrode material is its surface
area, which is important in applications such as energy storage, biocatalytic devices
and sensors. Graphene has a theoretical surface area of 2630 m” g™, surpassing that of
graphite (~ 10 m’ gfl), and is two times larger than that of CNTs (1315 m’ gfl) [69].
The electrical conductivity of graphene has been calculated to be ~64 mS cm™!,
which is approximately 60 times greater than that of SWCNTSs [10, 70]. Furthermore,
graphene’s conductivity remains stable over a vast range of temperatures, encom-
passing stability at temperatures as low as liquid-helium, where such stability is
essential for reliability within many applications [2]. More interestingly, graphene is
distinguished from its counterparts by its unusual band structure, rendering the
quasiparticles in it formally identical to the massless Dirac Fermions [30]. A further
indication of graphene’s extreme electronic quality is that it displays the half-integer
quantum Hall effect, with the effective speed of light as its Fermi velocity, vy &
10° m s~', which can be observed in graphene even at room temperature [71-73].
Resultantly, ultra high electron mobility has been achieved in suspended graphene
[72, 74], where mobilities in excess of 200,000 cm? V™! s7! have been reported at
room temperature. In comparison, the mobility of an electron in silicon is at its
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maximum at around 1,000 cm® V™' s™!, meaning the electron mobility is 200 times
higher in graphene [30]. Graphene’s quality clearly reveals itself with a pronounced
ambipolar electric field effect; charge carriers can be tuned continuously between
electrons and holes where electron mobility remains high even at high concentrations
in both electrically and chemically doped devices, which translates to ballistic
transport on the sub-micrometre scale. This fact suggests that if graphene is used as a
channel material, a transistor allowing extremely high-speed operation and with low
electric power consumption could be obtained [73].

Due to graphene’s unique properties it has been speculated that a GNS can
carry a super-current [73], and it is clear that its theoretical electron transfer rates
are superior when contrasted to graphite and CNTs. Furthermore, the fast charge
carrier properties of graphene (and other two-dimensional materials) were found
not only to be continuous, but to exhibit high crystal quality, in which importantly
for graphene charge carriers can travel thousands of inter-atomic distances without
scattering [2].

As highlighted above, graphene holds inimitable properties that are superior in
comparison to other carbon allotropes of various dimensions and from any other
electrode material for that matter, thus ‘theoretically’ suggesting that graphene is
an ideal electrode material that could potentially yield significant benefits in many
electrochemical applications; it is this we explore in greater detail in subsequent
chapters.
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Chapter 2
Interpreting Electrochemistry

This chapter introduces readers to the important aspects of electrochemistry which
allow a greater understanding and appreciation of the subject, which can then be
applied in later chapters where graphene is utilised as an electrode material.

2.1 Introduction

If you have studied science at undergraduate level you will be familiar with
Faraday’s law and electrode potentials, and appreciate that electrochemical reac-
tions involve charged species whose energy depends on the potential of the phase
that such species are contained within. Consider the following simple reversible
redox reaction:

0(aq) + ne~(m) ’;: R" (aq) (2.1)

ox

where O and R are the oxidised and reduced forms of a redox couple in an aqueous
media. The electrochemical process as expressed in Eq. (2.1) involves the transfer
of charge across the interfacial region of a metallic electrode, termed (m) to
indicate the source of electrons, and a solution phase (ag) species. The electro-
chemical reaction described in Eq. (2.1) only proceeds once a suitable electrode is
placed into the solution phase, which acts as a source or sink of electrons. It is
important to realise that this reaction involves the transfer of charged species, viz
electrons, between the electrode surface (m), and the solution phase species (aq),
hence the electrode reaction is an interfacial process. As the electron transfer
moves towards equilibrium a net charge separation must develop between the
electrode and the solution which creates a potential difference at the solution |
electrode interface, which is expressed as ¢, and ¢,, respectively, such that the
potential drop across the interface is thus:

A9 = ¢y — ¢; (2.2)

D. A. C. Brownson and C. E. Banks, The Handbook of Graphene Electrochemistry, 23
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In order to measure such a value a complete conducting circuit is required.
However, if another electrode is placed into the solution then you have two
electrodes, both monitoring the change of the potential difference at the two
electrode | solution interfaces, resulting in meaningless information. The solution
is to use one electrode | solution interface and a reference electrode which
maintains a fixed potential difference, which leads to the following being realised:

where E is the potential difference being measured, the term E = (¢,, — ¢,) + X
refers to the electrode of interest and X is the role of the reference electrode, which
is constant. Such measurements are undertaken at equilibrium such that no current
is drawn through the cell. The potential E reaches a steady value, E, which now
depends on the relative concentrations of O and R, which can be expressed as:

E, = Ad)m/?(O/R) - Ad)m/v(X) = A¢m/?(0/R) -0 (24)

where X is a reference electrode such as the Standard Hydrogen Electrode (SHE)
or the more commonly utilised Saturated Calomel Electrode (SCE). Convention-
ally the SHE is defined as exhibiting a potential of zero, allowing one to report the
potential of half-cells such as the O/R couple, relative to the SHE. For the process
defined in Eq. (2.1), the Nernst equation is given by:

E, = E}(O/R) + (%) In <%> (2.5)

for the potential established at the electrode under equilibrium, where E, is the
equilibrium potential of the formal potential E}) and the concentrations of the
species O and R at the electrode surface, which, under conditions of equilibrium,
are the same as their bulk solution values. Such potential determining equilibrium
should be familiar from general undergraduate science classes. Above, R is the
universal gas constant (8.314 J K™ mol™), T is the temperature (in Kelvin), n is
the number of electrons transferred in the reaction and F is the Faraday constant
(96,485.33 C molfl). Note that in Eq. (2.5) the formal potential is defined as:

E} = E°(O/R) + (%) In (”—0) (2.6)

TR

where E° is the standard electrode potential and 7 is the relevant activity coeffi-
cients. The formal potentials depend on temperature and pressure, as do the
standard potentials, but will also have a dependence on electrolyte concentrations,
not only of the species involved in the potential determining equilibrium but also
on other electrolytes that will be present in the solution since these influence ion
activities. The formal potential loses the thermodynamic generality of the standard
potentials which are only applicable under specific conditions but enables exper-
imentalists to proceed with meaningful voltammetric measurements.
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Equilibrium electrochemistry, viz equilibrium electrochemical measurements,
while being of fundamental importance since it allows thermodynamic parameters
to be readily obtained (such as reaction free energies, entropies, equilibrium
constants and solution pH), it is a rather dry subject and not as exciting as dynamic
electrochemistry which is the main thrust of electrochemistry that is used com-
mercially in numerous areas, such as in sensing and energy storage/generation.

If we depart from equilibrium electrochemistry to that of dynamic electro-
chemistry, consider the following electrochemical process:

Olag) + ne” (m) — R"(ag) (2.7)

at an electrode which is brought about through the application of a suitability
negative potential to the electrode. Note that a second electrode will be needed
somewhere in the solution to facilitate the passage of the required electrical current
through the solution and a reference electrode will also be required as identified
above. The process, as described in Fig. 2.1 occurs in the following general steps.
First, the reactant diffuses from the bulk solution to the electrode interface, termed
mass transport. Next, a potential is applied into the cell which is different to E,, the
potential difference induces the exchange of electrons between the electrode surface
and the species in solution and as such, electrolysis occurs where the magnitude of
the current, i, is related to the flux of the species in solution, j, by the following:

i = nAFj (2.8)

where F is the Faraday constant, n is the number of electrons per molecule
involved in the electrochemical process and A is the electrode area. The electron
transfer process between the electrode and the O (ag) species takes place via
quantum mechanical tunnelling between the electrode and reactant close to the
electrode, typically ca. 10-20 A as the rate of tunnelling falls off strongly with
separation since it requires overlap of quantum mechanical wave-functions which
describes the electron in the electrode and the electroactive species. Note that the
above process is complicated by the reactivity of the electro-active species, the
nature (type, geometry) of the electrode surface, the applied voltage and the
structure of the interfacial region over which the electron transfer process occurs.

In Eq. (2.8) the units of flux are: moles cm ™2 s~ ', which effectively reflects the
quantity of material reaching the electrode surface per second. Akin to homoge-
neous kinetics, the rate law can be described by:

J = k(n)[Reactant] (2.9)

Where k(n) is the nth order rate constant for the electron transfer reaction and
[Reactant], is the concentration of the electro-active reactant species at the elec-
trode surface (and not in the bulk solution): when n = 1, as commonly encountered,
corresponding to a Ist order heterogeneous reaction, the units are cm s™.

The most common configuration for running dynamic electrochemical experi-
ments involves the use of three electrodes, the working electrode, a counter
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Fig. 2.1 Schematic Reactant (O) Product (R)
representation of a simple
electrode reaction
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(auxiliary) electrode and a reference electrode, all connected to a commercially
available potentiostat which allows the potential difference between the reference
and working electrode to be controlled with minimal interference from ohmic (/R)
drop. The current flowing through the reference electrode is minimised avoiding
polarisation of the reference electrode and this keeps the applied potential between
the working and reference electrode stable. Shown in Fig. 2.2 is a typical exper-
imental set-up where the three electrode system is being utilised. The reference
electrode can be a Ag/AgCl or a SCE which can either be commercially obtained
or fabricated within the laboratory. The counter electrode should be a non-reactive
high surface area electrode such as platinum or carbon and the working electrode
can be a plethora of configurations and compositions, indeed, researchers are
trying to utilise graphene as an electrode material, which we will learn about in the
subsequent chapters of this handbook.

If we concern ourselves with only the working electrode since it is where all the
significant processes occur, a general overview of an electrode reaction is depicted
in Fig. 2.3 which builds on that shown in Fig. 2.1. This general electrochemical
process shows that the observed electrode current is dependent upon mass transport
which usually occurs in series with other processes, such as chemical reactions,
adsorption/desorption and also the heterogeneous rate constant for the electron
transfer reaction. The working electrode is immersed into an electrolyte usually
containing the electroactive species under investigation and a supporting electro-
Iyte salt to achieve the required conductivity and to minimise the /R drop. The
electric double layer at the working electrode occurs over a distance of ca. 1 nm.
Figure 2.4 shows a schematic representation of the composition of the solution
phase close to the (working) electrode surface where the compact layer is also
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Fig. 2.2 a A typical experimental set-up showing the reference electrode (RE, saturated calomel
electrode), the working electrode (WE) and the counter electrode (CE, a platinum rod) immersed
into an electrolyte solution. b A simple electronic scheme equivalent to the electrochemical cell.
A potentiostat is required for running electrochemical experiments. Note all the resistances are
equal except Rp which is variable
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termed the “inner Helmholtz” layer which is closest to the surface in which the
distribution of charge, and hence potential, changes linearly with the distance from
the electrode surface and the diffuse layer, known as the “Gouy-Chapman” layer,
in which the potential changes exponentially. Also shown in Fig. 2.4 is a zoomed in
perspective of the compact layer showing the Inner and Outer Helmholtz Plane
(IHP and OHP) where specifically adsorbed anions and solvated cations can reside.
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Under typical experimental conditions, the magnitude of the diffusion layer is
several orders of magnitude larger than the diffuse layer. In dynamic electro-
chemistry the potential is always being changed and hence the surface orientation
will change and a concentration perturbation travels away from the electrode
surface into the solution, where the diffusion layer (0) is related to the diffusion
coefficient of the electroactive species being perturbed as a function of time (7). We
return to the diffusion layer when discussing cyclic voltammetry.

As discussed above with reference to Fig. 2.1, the application of a voltage is
key for electrochemical reactions to proceed. The application of a potential, that is,
a voltage, V = Joule/Coulombs, such that the voltage is simply the energy (Joule)
required to move charge (Coulomb). The application of such a voltage supplies
electrical energy and can be thought of as an electrochemical ‘pressure’.

The electronic structure of a metal involves electronic conduction bands in
which electrons are free to move throughout the metal, which binds the (metal)
cations together. The energy levels in these bands form an effective continuum of
levels, which are filled-up to an energy maximum (Fermi level). Such levels can be
altered by supplying electrical energy in the form of applying or driving a voltage,
as shown in Fig. 2.5a. In Fig. 2.5b (left image), the Fermi level energy is lower
than that of the Lowest Unoccupied Molecular Orbital (LUMO) of the reactant and
as such it is thermodynamically unfavourable for an electron to jump/transfer from
the electrode to the molecule. However, as shown in Fig. 2.5b (right image), when
the Fermi level of the electrode is above the LUMO of the reactant it is then
thermodynamically favourable for the electron transfer process to occur, that is,
the electrochemical reduction of the reactant can proceed. This concept is explored
further in Sect. 2.2 as the process depends on the kinetics of the electrochemical
transfer reaction.

2.2 Electrode Kinetics

Let us consider the reduction of iron (IIT) and the oxidation of iron (II):

Kred
Fe* (aq) + e_(m)kE»’Fe2+ (aq) (2.10)

0x

where the rate constants k,.,; and k,. describe the reduction and oxidation
respectively. Note that a cathodic process is one at an electrode (a ‘cathode’)
supplying electrons causing a reduction whilst an anodic process is one at an
electrode (an ‘anode’) which removes electrons and causes an oxidation process.
The rate law for this net process can be described by the following:

J = keealFe* ]y — ko [Fe*™], (2.11)
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where the rate constants k., and k,, are potential dependent with the cathodic
reduction dominating at applied negative electrode potentials whilst the anodic
oxidation would be the dominant term at applied positive potentials.

Figure 2.6 depicts a reaction profile for the electrochemical process Eq. (2.10)
of interest. The dashed line depicts the energy barrier when no potential has been
applied, where it can be seen that the process is thermodynamically uphill. When a
potential is applied, the free energy of reactants is raised since the Gibbs free energy

for the reduction is related to the formal potential by: AG° = —nF (E — E?) where

(E — E})) measures the potential applied to the working electrode relative to the

formal potential of the Fe®>*/Fe** couple with borh potentials measured relative to

the same reference electrode. The reaction coordinate changes to that represented

by the solid line where it can be seen that the energy required to reach the transition

state is lowered and the process is ‘downhill” and is thus thermodynamically driven.
From inspection of Fig. 2.6, we can write:

AGE,(2) = AGE, + omF(E - E}’) (2.12)
and

AGE(2) = AGE — (1 —ac)nF(E—EJ?) (2.13)
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where the parameter « is known as the transfer coefficient, which provides physical
insights into how the transition state is influenced by the application of voltage and
typically is found to have a value of 0.5. A value of one half means that the
transition state behaves mid-way between the reactants and products response to
applied voltage. Figure 2.7 shows the effect of changing the potential on the free
energy curve. In most systems this lies between 0.7 and 0.3 and usually a value of
0.5 is assumed.



32 2 Interpreting Electrochemistry
Assuming the rate constants, k,., and k,, behave in an Arrhenius form:
Krea = Avea exp(AG=,/RT) (2.14)

kox = Aoxexp(AG=./RT) (2.15)

X

Inserting the activation energies (2.12) and (2.13) gives rise to:
kred = Areq exp(AGE ,(2) /RT) exp(—anF (E - E})) /RT) (2.16)
Kox = Aoy exp(AG=(2)/RT) exp((1 — o)nF (E - Eg) /RT) (2.17)
since the first part of Eqgs. (2.16) and (2.17) are potential independent we can write:
Kea = Ky exp(~anF (E — Ef ) /RT) (2.18)
ko = K2_exp((1 — oc)nF(E - E;B) /RT) (2.19)

This shows that the electrochemical rate constants for the one electron oxida-
tion of Fe?* (k,,) and for the reduction of Fe** (k,.q) depend exponentially on the
electrode potential: k,, increases as the electrode is made more positive relative to
the solution whilst k,,, increases as the electrode is made more negative relative to
the solution. It is clear that changing the voltage affects the rate constants.
However, the kinetics of the electron transfer is not the sole process which can
control the electrochemical reaction; in many circumstances it is the rate of mass
transport to the electrode which controls the overall reaction, which we diligently
explore later.

We know that the net rate (flux) of reaction is given by:
J = krea[Fe*]y — kox[Fe*],. Hence using Eqgs. (2.18) and (2.19) we can write:

(1 - 2)F(E - £)
RT

0
—ocF(E—Ef)

.20

Fet] —k0 ex Fe*t
[ 0 ox p

0

(2.20)

If we consider the case of a dynamic equilibrium at the working electrode such
that the oxidation and reduction currents exactly balance each other then, since no
net current flows, j = 0 and the fact that o = 0.5, we see that:

RT _ ([Fe*"] RT  [K°
_ 0 0x
E=E; + = In (—[Fe3+] + N In 0 (2.21)
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From the discussion earlier it is clear that when no net current flows the
potential is given by:

eZJr
E=E)+ gln <%) (2.22)

so that k%, = k° , = k* which is the Nernst equation. Therefore we can write:

—ocF(E -~ E}))
krea = k® exp e (2.23)
(1- oc)F(E - E}’)
ko = k% exp (2.24)

RT

Equations (2.23) and (2.24) are the most convenient forms of the Butler—Volmer
expression for the electrochemical rate constants k%, and k9 . The quantity k°, with

units of cm sfl, is the standard electrochemical rate constant

2.3 Mass Transport

Mass transport of the analyte under investigation is governed by the Nernst-Planck
equation defined by:

_ . 0C(x) nF o 0¢(x)
J,(x) = —Dl o — ﬁDlCl x

+CV(x) (2.25)

1.2 .
cm” ©) at a distance

AGi(x)

where J;(x) is the flux of the electroactive species i (mol s~

x from the electrode surface, D; is the diffusion coefficient (cm? s™1), 4. is the
concentration gradient at distance x, a%ix) is the potential gradient, z; and C; are the

charge (dimensionless) and concentration (mol cm™>) of species i respectively and
V(x) is the velocity (cm s~ ') with which a volume element in solution moves along
the axis. These three key terms comprising Eq. (2.25) represent the contributions to
the flux of species i, that is, diffusion, migration and convection respectively.

If we consider an electrochemical experiment which is conducted in a solution
that has supporting electrolyte and in stagnant solutions (non-hydrodynamic con-
ditions, see later) such that migration and convection can be neglected from
Eq. (2.25), this is thus reduced to consider the only relevant mode of mass transport
to the electrode surface on the experimental time scale, which is diffusion.
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The diffusion of species i, from bulk solution to the electrode is described by Fick’s
first and second laws of diffusion;

6C,~(x)
i(x) = —D; 2.26
5 i (2:26)
and
5C,‘ 62Ci(x)
o~ Piaa (227)

where j is the flux in mol cm? s™', D the diffusion coefficient in cm? s~ and C is
the concentration of the electro-active species in mol cm ™. In order to obtain the
concentrations of the electro-active species at a location x and time ¢, the partial
differential equation should be solved which is possible if the initial (values at
t = 0) and boundary conditions (values at certain location x) are known.

Let us consider a simple redox process involving the transfer of one-electron
between the electrode and species A in solution to form the product B in solution,
as shown below;

krﬂ
A+e =B (2.28)

ox

where the rate of electron transfer is fast compared to the rate of mass transport,
i.e. an electrochemically and chemically reversible redox process. Assuming that
the electron transfer follows Butler—Volmer kinetics,

—aF
Krea = k2, €xp (ﬁ ;1) (2.29)
and
(I1—a)F
kox = kgx exp (TV] (230)

where k° is the standard electrochemical rate constant, o is the transfer coefficient
of the species under investigation and 7 is the over-potential defined as:

n=E—Ej},; (2.31)

where E is the electrode potential and Egl /B the formal potential for the A/B couple.

As electrolysis of A progresses, all of the species A at the electrode surface will be
consumed, resulting in a depletion of the concentration of A in the vicinity of the
electrode surface and setting up a concentration gradient down which fresh A must
diffuse from the bulk solution to support further electrolysis; see Fig. 2.4 which
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depicts the structure of the electrode surface. This depletion zone is known as the
diffusion layer, the thickness of which, J, increases in size as a function of time, ¢,
such that (in one-dimension):

o = V2Dt (2.32)

Figure 2.8 depicts the Nernst diffusion layer model which shows that beyond
the critical distance, J, the solution is well mixed such that the concentration of the
electroactive species is maintained at a constant bulk value. In this vicinity, the
mixing of the solution to even out inhomogeneities is due to ‘natural convection’
induced by density differences. Additionally, if the electrochemical arrangement is
not sufficiently thermostated, slight variation throughout the bulk of the solution
can provide a driving force for natural convection.

Departing from the bulk solution towards the electrode surface, natural convec-
tion dies away due to the rigidity of the electrode surface and frictional forces, this is
the diffusion layer, and since only concentration changes occur in this zone, diffu-
sional transport is in operation. Note that in reality there is no real defined zones and
these merge into one another, but it is a useful concept. Under experimental condi-
tions, the diffusion layer is in the order of tens to hundreds of micrometers in size.

2.3.1 Cyclic Voltammetry

Cyclic voltammetry is the most extensively used technique for acquiring quali-
tative information about electrochemical reactions. It tenders the rapid identifi-
cation of redox potentials distinctive to the electroactive species under
investigation, providing considerable information about the thermodynamics of a
redox process, kinetics of heterogeneous electron-transfer reactions and analysis of
coupled electrochemical reactions or adsorption processes. Cyclic voltammetry
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consists of scanning (linearly) the potential of the working electrode using a
triangular potential wave form (Fig. 2.9).

The potential is swept from E; to E, and the rate at which this is achieved is the
voltammetric scan rate (or the gradient of the line), as shown in Fig. 2.9 (V/s). In
this case, if the potential is stopped, this is known as a linear sweep experiment. If
the scan is returned back to E;, a full potential cycle, this is known as cyclic
voltammetry. Depending on the information sought, either single or multiple
cycles can be performed. For the duration of the potential sweep, the potentiostat
measures the resulting current that arises via the applied voltage (potential). The
plot of current versus potential (voltage) is termed a ‘cyclic voltammogram’, CV.
A cyclic voltammogram is complex and dependent on time along with many other
physical and chemical properties.

The cyclic voltammetric response can be discovered by solving the transport
equations (in three-dimensions, x, y and x) [1]:

0[]

T DaV*[A] (2.33)
and
% = DpV?[B] (2.34)

and applying Egs. (2.29) (2.30) and (2.31) as boundary conditions where the
equations [1]:

Een - Esur
E = Egy +vt 0<p< =4 o000 (2.35)
)
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Fig. 2.10 a Typical cyclic voltammogram depicting the peak position Ep and peak height /p.
b Cyclic voltammograms for reversible (a), quasi-reversible (b) and irreversible (c) electron
transfer

and

Een - Es ar
E=E,q—v [r - M} (2.36)
)

define the potential sweep between E,,; and E,,; with a voltage sweep rate of, v,
Vs~! and D4 and Dj are the diffusion coefficients of A and B, respectively.

Figure 2.10 shows a typical cyclic voltammetric curve (or CV) for the case of
the electrochemical process as described in Eq. (2.28) where a voltammetric
potential is applied and the current monitored which gives rise to the unique profile
presented in Fig. 2.10a. Characteristics of the voltammogram which are routinely
monitored and reported are the peak height (Ip) and the potential at which the peak
occurs (Ep).

It is important to note that in plotting voltammetric data, that is current against
potential, there are a number of different axis conventions. In the classical (or
polarographic using mercury) convention, negative potentials are plotted in the
positive “x” direction, thus cathodic currents (due to reductions) are positive; this
is shown in Fig. 2.11. In the IUPAC convention, the opposite applies where
positive potentials are plotted in the positive “x” direction, thus anodic currents
(due to oxidations) are positive (in other conventions, current is plotted along the
axis and/or a logarithmic current scale is used). In reality the plotting is dictated by
the software that is installed on your potentiostat and your geographic location (for
example the USA and related countries favour the classical convention). However,
one needs to become familiar with this concept as the literature presents
voltammograms in mixed styles and one should ensure on first encountering a
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voltammogram that clarification is sought upon which potential sweep has been
applied and understand which currents are anodic and which are cathodic.

Shown in Fig. 2.10b is the case of different heterogeneous electron transfer
rates, that is, reversible, quasi-reversible and irreversible, each giving rise to
unique voltammetric profiles. The physical processes responsible for the charac-
teristic shape of a ‘reversible’ voltammogram, for the process of A + ne™ — B,
are based on (i) Fick’s laws and (ii) Nernst’s laws:

oA _ U] [Aly_
o P’ ﬁ_e

(2.37)

where the Nernst law is written in the exponential form. It is insightful to consider
the diffusion layer at each point in a cyclic voltammetric experiment, which gives
rise to the characteristic peak shape observed. Consider the case of electrochem-
ically reversible behaviour. Figure 2.12 shows a typical cyclic voltammogram for
k° =1 cms~! highlighting concentration—distance plots at six different parts on
the voltammetric wave.

In the ‘reversible’ limit the electrode kinetics are so ‘fast’ (relative to the rate of
mass transport—see later) that Nernstian equilibrium is attained at the electrode
surface throughout the voltammogram with concentrations of A and B at the
electrode surface governed by the Nernst equation:

RT . [B,

E =E}(A/B) +7lnm (2.38)

where E is now the applied potential which defines the ratio of the surface con-
centrations [A]y and [B], once E})(A /B) is specified.

Figure 2.12 depicts how the concentration profiles and the surface concentra-
tions change during the voltammogram. Point A on the graph corresponds to the
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Fig. 2.12 Cyclic voltammogram for the reversible reduction of A to B. Parameters: E° = 0 V;
=05 kK=1cms 5 v=1Vs; A=1cm? [Alp=1 mM; Dy = Dg = 10—5 cm® s ..
The concentration profiles show the distributions of A (solid line) and B (dashed line) at eight
location, A-H, on the voltammogram. Reproduced with permission from Ref. [10], with
permission from Imperial College Press. Note the negative values of the axis (units) labels

formal potential (E = EJ9). At point A, prior to the start of the peak corresponding

to the reduction of A, only a small amount of A has been consumed at the electrode
surface and only a small layer of B has consequently built up. This diffusion layer
is relatively small, typically in the order of ca. 10 pum. At point C the maximum
reduction current in the voltammetric wave is evident and the diffusion layer has
increased in thickness. At point D the current is decreasing with increasing
potential and the concentration profile plot shows the concentration of A at the
electrode surface to be close to zero so that this part of the voltammogram is under
diffusion control whereas at (A) it was the electrode kinetics which controlled the
response. The diffusion layer at this point has reached a thickness of ca. 40 pm. At
point D, the direction of the voltammetric scan is reversed. At point F the working
electrode potential has the value of 0 V corresponding to the formal potential of
the A/B couple. At this point the electrode potential is insufficient to noticeably
reduce A or oxidise B. Point G corresponds to the peak in the reverse scan due to
the re-conversion of B to A. The concentration profiles show the build-up of A and
depletion of B. Point H corresponds to a point on the reverse peak beyond the
maximum G and shows that the concentration of B is very close to zero at the
electrode surface whilst that of A has returned to almost its original value nearly
that in the bulk solution.
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In the case of an electrochemically reversible process with fast electron transfer,
the peak-to-peak separation AE, = (E;X — E;ed) is relatively small at the

reversible limit, where AE, = 2.218RT/nF, corresponding to a value of ca.
57 mV (at 298 K where n = 1). For the case of n electrons, the wave-shape of the
voltammogram can be characterised by:

RT
E,—E ,=2218— 2.3
p — E1)2 oF (2.39)

where E|, corresponds to the potential at which half the peak current is observed.
The magnitude of the voltammetric current (1§6V> observed at a macroelec-

trode is governed by the following Randles—Sev¢ik equation:
Rev __ 1/2
I;¥ = £ 0.446nFAC(nFDv/RT) (2.40)

where the 4 sign is used to indicate an oxidation or reductive process respectively
though the equation is usually devoid of such sign. The voltammetric diagnosis
that the electrochemical process is undergoing a reversible heterogeneous charge
transfer process is given by Eq. (2.39) where AEp is independent of the applied
voltammetric scan rate and: /* /I;ed =1

The question is; how can you determine if your observed voltammetry corre-
sponds to this range? A key diagnostic is a scan rate study. As shown in
Eq. (2.40), the peak height (Ip) is proportional to the applied voltammetric scan
rate and a plot of I;ev against v'/2 should be linear. Figure 2.13 depicts typical
voltammetric profiles resulting from applying a range of scan rates. It is evident
that each voltammetric signature is the same but that the current increases with
increasing scan rate as predicted by Eq. (2.40). It is important to note that when the
position of the current maximum occurs at the same potential; this peak maximum,
which does not shift in potential with scan rate, is characteristic of electrode
reactions which exhibit rapid electron transfer kinetics, usually termed reversible
electron transfer reactions.

The formal potential can be found as the mid-way between the two voltam-
metric peaks comprising the voltammogram:

E = (E;" + Eged) /2 (2.41)

assuming that the diffusion coefficients of the reactant and product are equal.

Also shown in Fig. 2.10b is the cyclic voltammetric response for an irreversible
electrochemical couple (in which the AEp is larger than that observed for the
reversible and quasi-reversible case) where appreciable over-potentials are
required to drive the reaction, as evidenced by the peak height (maxima) occurring
at a greater potential than that seen for the reversible case.
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Fig. 2.13 Reversible (a) and irreversible (b) cyclic voltammetric responses. Note the shift of the
peak maxima with scan rate

In Fig. 2.10 it is evident that as the standard electrochemical rate constant, k, is
either fast or slow, termed ‘electrochemically reversible’ or ‘electrochemically
irreversible’ respectively, changes in the observed voltammetry are striking. It is
important to note that these are relative terms and that they are in relation to the
rate of mass transport to the electrode surface. The mass transport coefficient, mr,
is given by:

my = \/D/(RT/Fv) (2.42)

The distinction between fast and slow electrode kinetics relates to the prevailing
rate of mass transport given by ‘k’ > my’ indicating electrochemical reversibility
or ‘k’ < my’ indicating electrochemical irreversibility. Matsuda and Ayabe [2]
introduce the parameter, {, given by:

{ =k°/(FDv/RT)"? (2.43)

where the following ranges are identified at a stationary macroelectrode: ‘{ > 15’
corresponds to the reversible limit, ‘15 > { > 107" corresponds to the quasi-
reversible limit and ‘{ <1073 corresponds to the irreversible limit. Thus returning
to Fig. 2.10b, we have three cases, reversible, quasi-reversible and irreversible,
which are all related to the rate of mass transport. In reversible reactions the
electron transfer rate is, at all potentials, greater than the rate of mass transport and
the peak potential is independent of the applied voltammetric scan rate
(Fig. 2.13a). In the case of quasi-reversible the rate of electron transfer becomes
comparable to the mass transport rate. In this regime, the peak potentials increase
with the applied scan rate. Last, it is obvious that for the irreversible case the
electron transfer rates are smaller than the rate of mass transport; the summary by
Matsuda and Ayabe is extremely useful [2].
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The above conditions given by Matsuda and Ayabe show that the observed
electrochemical behaviour depends on the applied voltammetric scan rate. In
applying various scan rates the diffusion layer thickness dramatically changes, in
the case of slow scan rates, the diffusion layer is very thick while at faster scan
rates the diffusion layer is relatively thinner. Since the electrochemical process,
that is, reversible or irreversible, reflects the competition between the electrode
kinetics and mass transport, faster scan rates will encourage greater electro-
chemical irreversibility. This is shown in Fig. 2.14 where upon the application of
faster scan rates, there is a clear transition (solid line, Fig. 2.14) from that of
reversible towards irreversible behaviour.

At macroelectrodes the Nicholson method is routinely used to estimate the
observed standard heterogeneous electron transfer rate constant (k°, cm s for
quasi-reversible systems using the following equation [3];

¥ = k°[xDnvoF /(RT)) "/ (2.44)

where ¥ is the kinetic parameter and is tabulated (see Table 2.1) at a set tem-
perature for a one-step, one electron process as a function of the peak-to-peak
separation (4Ep) where one determines the variation of 4Ep with v and from this,
the variation in the . Table 2.1 shows the variation of AEp with y for a one-step,
one electron process at 25 °C and where o = 0.5. A plot of i against

[xDnvF /(RT)] "/ allows the standard heterogeneous rate transfer constant, k” to
be readily deduced.

Note that there are some restrictions, in that the above method is based on the
assumption that electron transfer kinetics are described by the Butler—Volmer
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T?ble 2.1 Variation of 4E, n AE, x n /mV

with i at 25 °C. Reproduced

with permission from Ref. [3] 20 61
7 63
6 64
5 65
4 66
3 68
2 72
1 84
0.75 92
0.50 105
0.35 121
0.25 141
0.10 212

formalism, that o is 0.5, the switching potential is 141 mV past the reversible E;,,
and the temperature is 298 K. Lack of strict adherence to most of these factors will
lead to only minor errors. However, there is one experimental problem that can be
severe: incomplete compensation of solution resistance. As such, measurement
error will be low at slow scan rates where currents and IR errors are low, generally
however, potentiostats help overcome this problem.

Beyond the limits of the Nicholson method, that is where the AEp is > 200 mV
(see Table 2.1), a suitable relationship has been reported by Klingler and Kochi: [4]

k° = 2.18[DanvF / (RT)]exp [—(ocan/RT) (E;X - E;ed)} (2.45)

Thus two procedures are available for different ranges of AEpxn values, that is
for low (Nicholson) and high values (Klingler and Kochi). Lavagnini et al. [5]
proposed the following function of  (4Ep), which fits Nicholson’s data, for
practical usage (rather than producing a working curve):

W = (—0.6288 4 0.021X) /(1 — 0.017X) (2.46)

where X = AEp. For more accurate results in determining k°, recourse to elec-
trochemical simulation packages is advised.

The Randles—Sevcik equation for a quasi-reversible system (at 298 K) is given
by:

1" = £(2.65 x 10°)n*/*ACD"/*'/2 (2.47)
For an irreversible system (those with slow electron exchange), the individual

peaks are reduced in magnitude and widely separated. Figure 2.13 shows a
characteristic response where the peak maximum clearly shifts with the applied
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voltammetric scan rate. Totally irreversible systems are quantitatively character-
ised by a shift in the peak potential with scan rate as given by:

RT D'/2 on'Fo
E,. :E?_W 0.780 + Ink—0 + 05 In( RT )} (2.48)

where « is the transfer coefficient, n’ is the number of electrons transferred per mole
before the rate determining step and where E}) is the formal potential. Hence, Ep

occurs at potentials higher than E?, with the over-potential related to k° and o (the

voltammogram becomes increasingly ‘drawn out’ as on decreases). For the case of
a fully irreversible electron transfer process, the Randles—Sev¢ik equation is:

I = +0.496(on')'/*nFAC(FDv/RT)"/? (2.49)

where A is the geometric area of the electrode (cmz), o is the transfer coefficient
(usually assumed to be close to 0.5), n is the total number of electrons transferred
per molecule in the electrochemical process and n’ is the number of electrons
transferred per mole before the rate determining step. It is useful to know the
generic Randles—Sevéik equation (for stagnant solutions):

3F3vD
n°F>vu AlC]
RT

I, = _T(P)

nFv
where : p =r{/——
RTD

for the case of different electrode geometries:

(2.50)

(1) Planar disc electrode: r = radius, ’(p) = 0.446

(2) Spherical or hemispherical electrode: r = radius, T(p) = 0.446 + 0.752p~!

(3) For a small disk electrode: r = radius, 7'(p) = 0.446 + (0.840 + 0.433
e 06 _ 0.166e~'1/P)p~! ~ 0.446 + 4/mp~!

(4) For a cylinder or hemi-cylinder: r = radius, T(p) = 0.446 + 0.344p=0852

(5) For a band electrode: 2r = width, 7'(p) = 0.446 + 0.614(1 + 43.6]92)71 +
1.323p%8%2 ~ 0.446 + 3.131p 082

The wave-shape for an irreversible reduction is given by: E, — E;, = 1.857 BT

aF?
while for an irreversible oxidation it is given by: E, — Ey ), = 1.857 ;%7

2.4 Changing the Electrode Geometry: Macro to Micro

At a macroelectrode, electrolysis of A occurs across the entire electrode surface
such that the diffusion of A to the electrode or B from the electrode surface is
termed planar, and the current response is typically described as ‘diffusion
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(a) Voltammetry at a ‘macro-electrode’, 1A
planar diffusion is predominantly observed:
EIV
— T —
Insuiator Macro-disk electrode
(b) Voltammetry at a ‘micro-electrode’, 1A
convergent diffusion is predominantly observed:
E/V

T
|

Insulator Micro-disk electrode

Fig. 2.15 The unique differences between the cyclic voltammetric signatures observed at a
macroelectrode (a) compared to a microelectrode (b)

limited’, giving rise to an asymmetric peak as shown in Fig. 2.15a. At the edge of
the macroelectrode, where the electrode substrate meets the insulting material
defining the electrode area, diffusion to or from the edge of the electrode is
effectively to a point. Therefore, the flux, j, and the rate of mass transport are larger
at the edge and as such diffusion becomes convergent. This is termed an ‘edge
effect” which is negligible at a macroelectrode since the contribution of convergent
diffusion to the edges of the macroelectrode is inundated by that of planar diffusion
to the entire electrode area.

As the electrode size is reduced from macro to micro, or even smaller to that of
nano, convergent diffusion to the edges of the electrode becomes significant. In
this regime a change in the observed voltammetric profile is observed which
results in the loss of the peak shaped response, as evident in Fig. 2.15b with that of
a sigmoidal voltammogram. The effect of convergent diffusion has the benefit of
improvements in mass transport such that the current density is greater than at a
macroelectrode under planar diffusion.

For a reversible electrode reaction at a microelectrode, as shown in Fig. 2.15b,
where E;, is the half-wave potential, the following equation describes the
expected voltammetric shape:

vev  RT I —1
E = 1/2+nFIn 3
. RT D2 (2.51)
where E™ =E% + —In—%_
1/2 nF Dl /2
0
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Fig. 2.16 Steady state voltammogram for a reversible process observed at a microelectrode

since the ratio of diffusion coefficient is nearly equal, E| /, is a good approximation
for EY for a reversible couple (Fig 2.16).

When a plot of E against In I is constructed, a linear response should be
observed with a gradient equal to RT/nF and an intercept of E7 /e; if the wave-shape

corresponds to a reversible process. The effect of different electrochemical kinetics
is shown for the case of a microelectrode in Fig. 2.17, where the voltammogram is
shifted as the electron transfer becomes slower since a greater ‘overpotential’ is
needed to overcome the kinetic barrier. In this case, Eq. (2.51) becomeS'

E = Eﬁ’/rz + 517;, In IL ! Thus a plot of E against In IL I gives rise to a gradient of

and an intercept of E’l’/’2

To determine between reversible, quasi-reversible and irreversible, a useful
approach is the Tomes criteria; [7] see Ref. [6] for a full overview of the various
diagnostic approaches.

Last, Fig. 2.18 shows the different microelectrode geometries that can be
readily encountered in electrochemistry. For an elegant overview of microelec-
trodes and their benefits and applications, readers are directed to Ref. [7].

2.5 Electrochemical Mechanisms

Above we have considered an E reaction where the (electrochemical) process
involves the transfer of an electron. If we now consider that this process is per-
turbed by a subsequent chemical reaction, as described by:

O+ne” =R
(2.52)
R—Z
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.* Irreversible

» E/V

Fig. 2.17 How a steady-state voltammogram is shaped by electrochemical (heterogeneous)
kinetics

(2) (h)

Fig. 2.18 The most important geometries of microelectrodes and microelectrode arrays;
a microdisk; b microring; ¢ microdisk array (a composite electrode); d lithographically produced
microband array; e microband; f single fibre (microcylinder); g microsphere; h microhemisphere;
i fibre array; j interdigitated array. Image reproduced with permission from Ref. [7], copyright
2000 International Union of Pure and Applied Chemistry
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using the notation of Testa and Reinmuth [8] this is described as an EC reaction.
The cyclic voltammogram will display a smaller reverse peak (because the product
R is chemically removed from the surface). The peak ratio of the forward and
reverse peaks will thus be less than 1 (not equal); the exact value can be used to
estimate the rate constant of the chemical step. In some (extreme) cases, the
chemical reaction may progress so rapidly that all of R is converted to Z, resulting
in no reverse wave being observed. Note that by varying the scan rate, further
information on the rates of these coupled reactions can be obtained. Table 2.2
overviews the different electrochemical mechanisms involving coupled chemical
reactions that can be encountered.

A specific example worth exploring is the EC’ reaction. Such an example of this
process is the modification of a glassy carbon electrode with an Osmium polymer,
[Os(bpy)2(PVP)(Cl]Cl and Nafion prepared by drop-coating, producing a double-
layer membrane modified electrode [9]. In this case the modified electrode was
explored towards the sensing of the neurotransmitter epinephrine (EP) [9].
Figure 2.19 shows the voltammetric response of the electroactive polymer (curves
A and B in Fig. 2.19) where upon contact with epinephrine (curve C in Fig. 2.19) a
reduction in the back peak coupled with an increase in the forward wave is evident.
The process can be described as:

[0s — (PVP) o] 'S [0s — (PVP) o] +e (2.53)

2[0s — (PVP) o] +EPrep — 2[0s — (PVP) o] “+EPox (2.54)

The first step in the above Eqgs. (2.53) and (2.54) is the E step due to it being a
purely electrochemical process, while the process in Eq. (2.54) is noted as a C step
due to it being a chemical process. As shown in Fig. 2.19, the magnitude of curve
C is dependent upon the chemical rate constant for the process as governed by
Eq. (2.54).

Another electrochemical process worth highlighting, which demonstrates how
cyclic voltammetry can be used to yield mechanistic information, is an EE process.
Here we take the example of TMPD (N,N,N’,N’-tetramethylphenylenediamine),
the structure of which is shown in Fig. 2.20. Figure 2.21 shows the cyclic vol-
tammogram recorded for the oxidation of TMPD in an aqueous solution (pH 7
phosphate buffer solution, PBS) utilising an EPPG electrode. The two voltammetric
peaks, as shown in Fig. 2.21a, represent the following electrochemical process:

TMPD — ¢ — TMPD*"

2.55
TMPD*t — ¢ — TMPD** (255)



2.5 Electrochemical Mechanisms 49

Table 2.2 Electrochemical mechanisms involving coupled chemical reactions

Reversible electron transfer process, no follow-up chemistry; an E, step:
O +ne" SR
Reversible electron transfer process followed by a reversible chemical reaction; E,C,:
O +ne SR
ki
RSZ
k-1
Reversible electron transfer profess followed by an irreversible chemical reaction; E,C;:
O+ ne” SR
k
R—Z
Reversible chemical reaction preceding a reversible electron transfer process; C,E,:
ki
Z=0
ki—1
O+ne =R
Reversible electron transfer processes followed by an irreversible regeneration of starting
materials; E,C;’
O +ne SR
k
R—Z+0
Multiple electron transfer processes with an intervening reversible chemical reaction; E,C,E,:
O+ne” 2R
ki
R=7Z
k-1
Z+ne” 2Y
Multiple electron transfer processes with an intervening irreversible chemical reaction; E,CE,:

O+ne &=

RY 7
Z+ne 2Y

where the cation radical and the dication are shown in Fig. 2.22. On the reverse
scan, the corresponding reduction takes place;

TMPD*t + ¢~ — TMPD**

. (2.56)
TMPD*" 4+ ¢ — TMPD

The voltammetric response, as shown in Fig. 2.21b is recorded at a slower scan
rate than that used in Fig. 2.21a and it is evident that the second reduction peak,
corresponding to the reduction of TMPD?*, has significantly changed. This is
because in the case of Fig. 2.21b the time taken to scan the voltammetric window
is long in comparison with the lifetime of the electro-generated species (formed on
the forward scan). In fact, TMPD?* reacts with water with the displacement of
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Fig. 2.19 Cyclic voltammograms of Os-(PVP);y (A) and Os-(PVP);¢/Nafion (B, C) modified
electrodes in pH 6.9 PBS (A, B) and (B), + 1.0 x 1074 M epinephrine (C) at a scan rate of

40 mV s~ Inset: plot of logarithm of catalytic current versus epinephrine concentration. Figure
reproduced from Ref. [9] with permission from Elsevier

Hac\N/CHs
N
H.C” “CH,
Fig. 2.20 The structure of TMPD
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Fig. 2.21 Cyclic voltammograms obtained from the electrochemical oxidation of TMPD at a
scan rate of a 100 mVs~' and b 10 mVs™!
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(a) (b)

Hsc'\.N/CH: Hsc\;j/CHz
N N
H.C™ “CH, H.C™ “CH,

Fig. 2.22 The structures of a the cation radical TMPD'* and b the dication TMPD**

HJC\ﬁ,CHa +fﬁ o
HO N(CH,),
H,O + — o + HN(CH,), + H*
NT NT +
H,C~ TCH, H.C”™ “CH, H.C” “CH,

Fig. 2.23 TMPD?** reacts with water with the displacement of dimethylamine

dimethylamine, as shown in Fig. 2.23 and hence on the timescale of the voltam-
metric experiment the electro-generated species undergoes a chemical reaction
such that the initially formed product cannot be electrochemically reduced on the
return voltammetric scan. Note that this is not the case when using fast scan rates
where the time take to scan the voltammetric window is fast in comparison to the
lifetime of the electro-generated species such that the chemical process is outrun.

Hence, given the above insights, it is clear that cyclic voltammetry can be used
to provide a facile methodology to study unstable and exotic species.

2.6 Effect of pH

Consider the following process involving the uptake of m-protons and consump-
tion of n-electrons:

A+ mH" +ne”SB (2.57)

The limiting cases correspond to those of electrochemical reversibility and
irreversibility. Here we consider the electrode process being fully electrochemi-
cally reversible, thus for the relevant Nernst equation we can write [10]:

E:@MM%ELh 5]

oF 7[[” HT (2.58)
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Fig. 2.24 A typical plot of E
peak potential, Ep versus pH

\./'\ pKa

» pH
RT T [B]
E=EYA/B) +—In|H']" — —Ini— 2.
f(/)+nFn[ ] nF A (2.59)
RT RT _ [B]
E=E%A/B) — 23035 pH — 2! 2.
+(A/B) 303 P F n[ ] (2.60)
leading to:
mRT
E} = E)(A/B) —2.303 — = PH (2.61)

where Ef0 o 1s an effective formal potential. Provided D4 = Dp the potential
midway between the peaks for the reduction of A and the oxidation of B corre-
sponds to E}) o With the shape of the voltammogram being otherwise unaffected.
Accordingly the midpoint potential varies by an amount of 2.303 ”;E—I;T per pH unit.
In the commonly seen case where m = n, this corresponds to ca. 59 mV per pH
unit at 25 °C as in the following case.

Experimentally, the cyclic voltammetric response is recorded over a range of
pH’s with the E}’, o (or more commonly ‘peak potential’) plotted as a function of pH.
Figure 2.24 shows a typical response where the deviation from linearity is due to the
pKa of the target analyte and the gradient from the linear part allows information on
the number of electrons and protons transferred in the electrochemical process.

A real example from the literature is shown in Fig. 2.25 which utilises a cat-
echin-immobilised poly(3,4-ethylenedioxythiophene)-modified electrode towards
the electrocatalysis of NADH in the presence of ascorbic acid and uric acid [11].
Interestingly, catechin has a quinone moiety in its oxidised state and the effect of
pH on the redox properties of the modified electrode is shown in Fig. 2.25 over the
pH range of 2—-10 where the redox couple of the catechin molecules are shifted to
less positive values with the increase in pH. The insert in Fig. 2.25 shows a plot of
the half-wave potential of the catechin molecule as a function of pH. Note it
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I/pA

E/V vs. AglAgCl

Fig. 2.25 Example from the literature: cyclic voltammograms of the catechin/PEDOT/GC-
modified electrode in PBSs of various pH: a 1.5; b 3; ¢ 4;d 6; e 7; f9 and g 10. Inset: plot of Ey/,
versus pH. Reproduced from Ref. [11] with permission from Elsevier

Scheme 2.1 Electrochemical mechanism of an equal electron and proton transfer process at the
catechin molecule. Reproduced from Ref. [11] with permission from Elsevier

resemblance to that of Fig. 2.24. It is evident that there are two slopes, the first
corresponds to 63 mV/pH over the pH range of 1-7.5 which is very close to the
anticipated Nernstian value for the same number of electron and proton transfer
processes (Scheme 2.1). In the above example, it is expected that this corresponds
to two electrons and two protons involved during the oxidation of catechin to its o-
quinone form. The second slope is evident in the pH range of 7.5—10; a slope of
33 mV/pH is obtained which is very close to the Nernstian value for a two-electron
and one-proton process (Scheme 2.2). Additionally, the authors [11] report a
gradual decreases in the peak currents in this pH range which they attribute to the
deprotonation of catechin molecules, which leads to an increase in the charge on
the catechin molecules where the charged species is more soluble than the former
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Scheme 2.2 Electrochemical mechanism of a two-electron and one-proton transfer process at
the catechin molecule. Reproduced from Ref. [11] with permission from Elsevier

species. Clearly the use of pH measurements can help provide insights into
electrochemical mechanisms.

2.7 Other Voltammetric Techniques: Chronoamperometry

In the above part of the Handbook, we have considered cyclic voltammetry and its
derivatives. Another technique that is worthy of mention, and that can be used to
study graphene, is chronoamperometry. This technique is commonly used either as
a single potential step, in which only the current resulting from the forward step
(as described above) is recorded, or double potential step, in which the potential is
returned to a final value following a time period, usually designated as t, at the
step potential. The electrochemical technique of chronoamperometry involves
stepping the potential applied to the working electrode, where initially it is held at
a value at which no Faradaic reactions occur before jumping to a potential at which
the surface concentration of the electroactive species is zero (Fig. 2.26a), where
the resulting current-time dependence is recorded (Fig. 2.26¢).

The mass transport process throughout this process is solely governed by dif-
fusion, and as such the current-time curve reflects the change in concentration at
the electrodes surface. This involves the continuing growth of the diffusion layer
associated with the depletion of reactant, thus a decrease in the concentration
gradient is observed as time progresses (Fig. 2.26b). An example of single
potential step chronoamperometry is shown in Fig. 2.27 for the case of an Osmium
complex modified electrode and also shown in the inserts are the effect of con-
centration of epinephrine which is electro-catalysed undergoing an EC’ process
(see Sect. 2.5).

The most useful equation in chronoamperometry is the Cottrell equation, which
describes the observed current (planar electrode of infinite size) at any time fol-
lowing a large forward potential step in a reversible redox reaction (or to large
overpotential) as a function of 2.

I,(t) = nFAD"C(mt)~"/? (2.62)
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Fig. 2.26 Chronoamperometric experiment: a potential-time waveform; b change of concen-
tration gradient; ¢ resulting current-time response

where n = stoichiometric number of electrons involved in the reaction, F is the Far-
aday’s constant, A is the electrode area, C is the concentration of electroactive species
and D is the diffusion coefficient. The current due to double layer charging also con-
tributes following a potential step but decays as a function of 1/¢ and is only significant
during the initial period, typically a few milliseconds following the potential step.

A variant on the chronoamperometry as discussed in Fig. 2.27 is that presented
in Fig. 2.28, which is where a hybrid biointerface electrode, consisting of a gold
nanoparticle (AuNP) and cytochrome c (cyt c¢) on indium tin oxide (ITO) platform,
is explored towards the sensing of hydrogen peroxide. In this example, the
potential is held at a value, which induces the desired electrochemical reaction,
and the solution is stirred such that a convective flow is induced. Aliquots of the
analyte under investigation are made and at each time, the convective flow ensures
that the species is transported to the electrode surface and is electrochemically
transformed; this is recognised in Fig. 2.28 by a ‘step’ in the current which then
plateaus or reduces as all the electroactive species are consumed. Analysis of the
‘steps’, as evident in Fig. 2.28, yields the corresponding calibration plot. Such an
approach, where convection is used to enhance the rate of mass transport to the
electrode surface, is known as hydrodynamic electrochemistry and offers
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Fig. 2.27 Example from the literature: chronoamperometric curves with a potential step from 0
to +0.4 V at Os-(PVP),o/Nafion modified electrode in pH 6.9 PBS containing 0, 6.5, 11, 28, 56,
156, 215 and 294 pM (from bottom to top). Inset: A plot of catalytic current versus epinephrine
concentration; B data analysis of catalytic current versus epinephrine concentration. Reproduced
from Ref. [9] with permission from Elsevier

improvements in the analytical sensitivity in comparison to measurements per-
formed in stagnant solution (Fig. 2.27).

Double potential step chronoamperometry is illustrated in Fig. 2.29 for the
electrochemical oxidation of ferrocene (Fc) to ferrocenium (Fc*). Double potential
step chronoamperometry is extremely useful as it allows simultaneous determi-
nation of the diffusion coefficients of the initial species, in this example, ferrocene,
and of the product of the electrochemical reaction, ferrocenium. Figure 2.29 shows
typical chronoamperometry currents recorded at different temperatures using a
microelectrode where the sample was pre-treated by holding the potential at a
point corresponding to zero Faradaic current for 20 s, after which the potential was
stepped to a position after the peak (as determined via CV) and the current
measured for 5 s. The potential was then stepped back to the initial value and the
current measured for a further 5 s. Note that for chronoamperometry at a micro-
electrode, Eq. (2.62) is replaced by:

I(t) = nFADC [(nl)t)*‘/z + rﬂ (2.63)

which turns back into Eq. (2.62) if r — o0.
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Fig. 2.28 Example from the literature: current-time curve obtained for a ITO/AuNP/cyt ¢
electrode upon successive addition of 20 pL aliquots of 200 mM H,O, to 5 mL stirred 10 mM
HEPES buffer at pH 7 with an applied potential of —0.1 V under nitrogen atmosphere;
chronoamperometric curve obtained for beyt ¢/ITO and ¢ AuNP/ITO obtained by the addition of
20 pL aliquots of 200 mM H,0, in 5 mL stirred solution of 10 mM HEPES buffer at the potential
of —0.1 V under nitrogen atmosphere. Reproduced from Ref. [29] with permission from Elsevier

The time-dependent current response obtained on the first step (see Fig. 2.29)
was analysed via the use of the following equation, as proposed by Shoup and
Szabo [12], which sufficiently describes the current response over the entire time
domain, with a maximum error of less than 0.6 %:

I = —4nFDrCf (1) (2.64)

where

f(r) = 0.7854 4 0.88637~ /% + 0.2146 exp(—0.78237~ /) (2.65)

and where the dimensionless time parameter, T is given by:
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Fig. 2.29 Experimental double potential step chronoamperometric transients for the Fc|Fc*
system at temperatures of i 298 ii 303 and iii 308 K. The potential was stepped from 0.0 to 0.9
and back to 0.0 V. Reproduced from Ref. [30] with permission from Elsevier

T = 4Dt/r? (2.66)

Theoretical transients were generated using the above equation and a nonlinear
curve fitting function available in certain software (such as OriginPro 7.5—Microcal
Software Inc.). The fit between the experimentally observed response and theoretical
data was optimised by inputting a value for » which is independently characterised
using model solutions and instructing the software to iterate through various D and

nc values. Figure 2.30 shows a typical fit of experimental and simulated results using
Egs. (2.64), (2.65) and (2.66).

2.7.1 Experimental Determination of Diffusion Coefficients

The double potential step method is often applied in the measurement of rate
constants for chemical reactions (including product adsorption) occurring following
the forward potential step. Chronoamperometry can also be used to determine an
accurate measurement of electrode area (A) by use of a well-defined redox couple
(known n, C, and D). Other uses are in extracting nucleation rates (see for example:
[13—-17]) and uses in sensing, as shown in Figs. 2.27 and 2.28, to name just a few. In
some instances, when one is experimentally measuring a diffusion coefficient of a
target analyte which has not been reported before, one needs to know that the
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Fig. 2.30 Experimental (-) and best-fit theoretical (o) double potential step chronoampero-
metric transients for the Fc|Fc* system at a temperature of 298 K in MeCN with 0.1 M TBAPF,
supporting electrolyte. The potential was stepped from 0.0 to 0.9 and back to 0.0 V. Reproduced
from Ref. [30] with permission from Elsevier

correct number (or order of magnitude) has been derived. To this end, a model for
estimating the diffusion coefficients has been proposed by Wilke and Chang: [18]

(xM)'*T

_ -8
D = 7:4x107 = U

(2.67)

where M is the relative molar mass of the solvent, x is its viscosity, x is an
association parameter and V is the molar volume of the solute, estimated for
complex molecules by summation of atomic contributions [18].

2.8 Other Voltammetric Techniques: Differential Pulse
Voltammetry

As introduced earlier, voltammetry so far has been concerned with applying a
potential step where the response is a pulse of current which decays with time as
the electroactive species near the vicinity of the electrode surface are consumed.
This Faradaic process (Ir) is superimposed with a capacitative contribution (/)
due to double layer charging which dies away much more quickly, typically within
microseconds (see Fig. 2.31).

The current (for a reversible system) is in the form of the Cottrell Equation
where I o< 1~ ? and charge, Q, is Q o 2. When a step in pulse is applied the
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Fig. 2.31 Effect of 1/A
capacitative and Faradaic A
current following the
application of a potential step

\J

current is sampled when the capacitative current (/) decays away. To achieve this
pulse widths are chosen to meet this condition.

In pulse techniques such as differential pulse and square wave voltammetry,
the capacitative contribution is eliminated via subtraction. Differential pulse
voltammetry (DPV) measures the difference between two currents just before the
end of the pulse and just before its application. Figure 2.32 shows the waveform of
pulse utilised which is superimposed on a staircase.

The base potential is implemented in a staircase and the pulse is a factor of 10
or more shorter than the pulse of the staircase waveform. The difference between
the two sampled currents is plotted against the staircase potential leading to a peak
shaped waveform as shown in Fig. 2.33.

For a reversible system the peak occurs at a potential: E, = E;, — AE/2 where
AE is the pulse amplitude. The current is given by:

FAD'Y2C (1 —
=2 > (2.68)
n1/2t1/2 1 _|_ o
where
o = exp(nFAE/2RT) (2.69)

DPYV is useful due to eliminations in the contribution of non-faradaic (capaci-
tive) processes, which are effectively subtracted out. The power of DPV is evident
from inspection of Fig. 2.34 for the supercoiled plasmid DNA where poor elec-
trochemical signals obtained using linear sweep voltammetry are transformed into
quantifiable and beautiful voltammetric signatures.

Additionally, DPV is useful for resolving the voltammetric signals due to two
species with close half-wave potentials, producing easily quantifiable peak shaped
responses. This is exemplified in Fig. 2.35 for the simultaneous sensing of ascorbic
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Fig. 2.32 Differential pulse voltammetry waveform of pulses superimposed on a staircase
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Fig. 2.33 Differential pulse voltammetry; voltammetric profiles of Al versus staircase potential

acid and acetaminophen which are well known to cause problems due to their
overlapping voltammetric responses.

Figure 2.35 compares CV and DPV using a range of modified electrodes. In all
cases, two sharp and well-resolved peaks are observed when DPV is utilised; in
this analytical case, the resulted separation in the two peak potentials is sufficient
enough to achieve the accurate simultaneous determination of ascorbic acid and
acetaminophen in real samples [19].
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Fig. 2.34 Differential pulse (a) and linear scan (b, ¢) voltammograms for 15 pg mL~'
supercoiled plasmid DNA (A) and 15 pg mL ™" linearised DNA (B) at carbon paste electrodes.
The anodic signal corresponds to the electrochemical oxidation of DNA-G residues. Reproduced
from Ref. [31] with permission of Elsevier
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Fig. 2.35 a Cyclic and b differential pulse voltammograms of 0.1 mM ascorbic acid and
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line) and multi-walled carbon nanotube/thionine modified electrode (dashed line). Sweep rate
was 100 mV s~ '. Reproduced from Ref. [19] with permission of Elsevier
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Note that such a response is obtained through increasing the pulse amplitude
(see Fig. 2.32) but in doing so, the peak width also increases, meaning that, in
practice, AE values of more than 100 mV are not viable; careful optimisation of
the electrochemical parameters is clearly required. The expression for the half-
width at half-height, W, ;,; where W, ;, = 3.52RT/nF leads to a value of 90.4 mV
for n = 1 at 298 K showing that peaks separated by 50 mV may often be resolved.
Detection limits of DPV can be realised at ca. 107" M.

Recently it has been highlighted that the literature is not consistent and that
actually the waveform presented in Fig. 2.32, should be termed “Differential Multi
Pulse Voltammetry” [20]. Figure 2.36 shows the range of waveforms that can exist.

Differential Double Pulse Voltammetry (DDPV), where the length of the second
pulse (#,) is much shorter than the length of the first pulse (z;), #;/t, = 50-100
(Fig. 2.36a), which leads to very high sensitivity. Differential Double Normal
Pulse Voltammetry (DDNPV) is where both pulses have similar durations ¢; ~ f,
(Fig. 2.36b).

Double Pulse Square Wave Voltammetry (DPSWYV) is where both pulses are
equal #; = t, and the pulse height (AE = E,—E;) is opposite from the scan
direction (Fig. 2.36¢c). Because of its analogy with the potential-time program
applied in Square Wave Voltammetry, it is referred to as Double Pulse Square
Wave Voltammetry. Differential Multi Pulse Voltammetry (DMPV) is as a variant
of DDPV where the initial conditions are not recovered during the experiment
(Fig. 2.36d). Thus, the pulse length (#,) is much shorter than the period between
pulses (t;), t;/t, = 50—100.

Differential Normal Multi Pulse Voltammetry (DNMPYV) is the multi-pulse
variant of the DMPV technique such that the duration of the period between pulses
and the duration of the pulses are similar: t; ~ t, (Fig. 2.36e). Last, Square Wave
Voltammetry can be considered as a particular situation of DNMPV where the
length of both pulses are equal (t; = 1,) and the sign of the pulse height (4E) is
opposite from the scan direction (Fig. 2.36f).

2.9 Other Voltammetric Techniques: Square Wave
Voltammetry

The square wave voltammetric waveform consists of a square wave superimposed
on a staircase, as shown in Fig. 2.37. The currents at the end of the forward and
reverse pulses are both registered as a function of staircase potential. The differ-
ence between them, the net current, is larger than either of its two component parts
in the region of the peak which is centred on the half-wave potential. Capacitative
contributions can be effectively discriminated against before they die away, since,
over a small potential range between forward and reverse pulses, the capacitance is
constant and is thus annulled by subtraction. In this way the pulses can be shorter
than in DPV and the square wave frequency can be higher. Instead of the effective
sweep rates of 1-10 mVs~' of DPV, scan rates of 1 Vs~' can be employed.
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Fig. 2.37 Square wave voltammetry: waveform showing the summation of a staircase and a
square wave

Detection limits of ca. 107 M or lower are readily achievable under optimum
conditions. The advantages over cyclic voltammetry are as follows: faster scan
rates are possible (faster reactions can be studied), higher sensitivity (lower con-
centrations can be used) and a higher dynamic range (a larger range of concen-
trations can be investigated). Usually in electrochemistry, solutions are vigorously
degassed with, for example, nitrogen to remove oxygen which is electrochemically
reduced and can interfere with the voltammetric measurement under investigation.
A different way of greatly diminishing or eliminating the interference of oxygen,
with no need for its removal, is by the use of the high frequencies employed in
SWV. In fact, due to the irreversibility of oxygen reduction, the increase of its
signal with frequency is small at high frequencies, and becomes negligible
eventually, when compared with the response of the determinant [21] (Fig. 2.38).

2.10 Other Voltammetric Techniques: Stripping
Voltammetry

Anodic Stripping Voltammetry (ASV) is an extremely sensitive electro-analytical
technique that can determine trace quantities of certain metals at the parts-per-
billion level. The first phase of an ASV experiment involves a pre-concentration
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Fig. 2.38 Square wave voltammetry: voltammetric profile of current versus staircase potential.
I; represents the forward and I, the reverse sweep where Al is the resultant voltammogram
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Fig. 2.39 A potential vs. time profile showing the stages in ASV

step, in which the analyte is deposited (i.e. in the case of metal analysis, reduced to
its elemental form) at the working electrode by controlled potential electrolysis in

a stirred solution at a suitable reduction potential as shown in Fig. 2.39. The
process can be written as:

M"t(aq) + ne~ — M(electrode) (2.70)
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Fig. 2.40 A schematic representation of anodic stripping voltammetry showing the two key
steps: electrodeposition and stripping

In the second phase, the potential of the working electrode is scanned so that the
deposited metal is oxidised back to its ionic form, i.e. is anodically stripped from
the electrode (see Fig. 2.39) by scanning the potential to a value where the fol-
lowing process occurs:

M (electrode) — M"" (aq) + ne~ (2.71)

Figure 2.40 shows a schematic representation of this process for the case of
lead and copper.

Additionally, as shown in Fig. 2.41, the potential—time profile can be used in
ASV with a cleaning step (step A). This is usually applied in-between measure-
ments to ensure that the deposited metal is fully stripped from the electrode surface
so as to improve the reproducibility of the analytical measurement.

Figure 2.42 shows the response of a range of metals which occur at different
stripping potentials allowing a multitude of metals to be readily analysed at once.
The peak area and/or peak height of each stripping signal is proportional to
concentration, allowing the voltammetric signal to be used analytically.

In addition to anodic stripping voltammetry there are also cathodic and adsorp-
tive stripping voltammetry. In each case, similar to anodic stripping voltammetry,
there is first a pre-conditioning step, which for cathodic stripping is either:

2M"" (aq) + mHy0 — MOy, (electrode) + 2mH + 2(m — n)e~ (2.72)
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Fig. 2.41 A typical experimental potential—time profile used in ASV. Step A is the ‘Cleaning
step’, B ‘electrodeposition, C ‘Equilibration step’, D ‘Stripping step’

Fig. 2.42 Stripping
voltammetry of zinc,
cadmium and lead all in the
same aqueous solution

or

while for adsorptive stripping:

Zn

= 2pA
£
e
-
&
cd
Pb
-1.5 -1.0 0.5
Potential / V
M + L™ — ML (ads) + ne~ (2.73)
A(aq) — Alads) (2.74)

The corresponding stripping steps are for cathodic either:

M0, (electrode) + 2mH + 2(m — n)e~ — 2M"* (aq) + mH,O

(2.75)
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Fig. 2.43 Stripping voltammograms at glassy-carbon (a) and carbon-fiber (b) electrodes: a 0.1
M acetate buffer (pH 4.5); b as in (a) but after the addition of 50 pg/L Cd(II), Pb(II), and Zn(1I);
c as in (b) but after the addition of 400 pg/L Bi(IlI). Deposition for 120 s at —1.4 V; “cleaning”
for 30 s at +0.3 V. Square-wave voltammetric stripping scan with a frequency of 20 Hz, potential
step of 5 mV, and amplitude of 25 mV. Reproduced with permission from Ref. [32], copyright
2000 The American Chemical Society

or
ML""™" (ads) +ne™ — M + L™ (2.76)
while for adsorptive stripping:
A(ads) £ ne” — B(aq) (2.77)

To impart improvements in the voltammetric response, different electrode
materials (and sizes to induce improvements in mass transport) can be used and
traditionally mercury film and drop electrodes were utilised. Additionally, the use
DPV and SWV can also provide benefits to reduce analytical limits of detection
and improve sensitivities. However, due to the toxicity of mercury, considerable
efforts have been devoted to the investigation of alternate electrode materials.
Non-mercury electrodes, such as gold, carbon or iridium, have been explored but
the overall performance of these alternatives has not approached that of mercury
[22]. A verified alternative is the use of bismuth film electrodes (on various carbon
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substrates) which offer high-quality stripping performance that compares favour-
ably with that of mercury electrodes [22, 34].

Shown in Fig. 2.43 is the stripping performance of an in-situ modified bismuth-
film electrode which also displays the corresponding control experiments (bare/
unmodified electrode). No stripping signals are observed at the bare glassy-carbon
(A(b)) and carbon-fibre (B(b)) electrodes for a sample containing 50 pg/L lead and
cadmium. In contrast, adding 400 pg/L bismuth to the sample, and simultaneously
depositing it along with the target metals, resulted in the appearance of sharp and
undistorted stripping peaks for both analytes, as well as for bismuth (c).

The use of bismuth modified electrodes (through ex-situ and in-situ) modifi-
cation has become a backbone of the electroanalytical community for a variety of
target analytes [23].

2.11 Adsorption

In some instances, rather than having the analyte under investigation undergoing
simply diffusional processes, the species of interest might adsorb onto the elec-
trode surface and will give rise to different voltammetry. Figure 2.44 shows a
typically votlammetric profile where a unique shape is observed. Since the
adsorbed species does not have to diffuse to the electrode surface, the observed
voltammogram is symmetrical.

The peak current can be related directly to the surface coverage (I') and
potential scan rate for a reversible process:

n?F?T'Av
] ="

= 2.78
¢ 4RT (2.78)

with integration of the peak(s) shown in Fig. 2.44, allows the charge (Q) to be
deduced, which is related to the surface coverage by the following expression:

Q = nFAT (2.79)

As shown in Fig. 2.44, the full width at half of the peak maximum height
(FWHM) is given by:

FWHM = 3.53RT /nF (2.80)

The diagnosis of an adsorbed species is to explore the effect of scan rate on the
voltammetric response, which should yield a linear response for the case of
I,versus scan rate v. A practical example is shown in Fig. 2.45 where Hemoglobin
(Hb)—Dimyristoyl phosphatidylcholine (DMPC) films are immobilised upon a
BPPG surface. The modified electrode was then explored with the voltammetric
response evident in Fig. 2.45a, with a plot of peak current against scan rate also
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Fig. 2.44 Cyclic 1/A A
voltammetric response for the
reversible reaction of an

adsorbed species
EIV

FWHM

provided. Near symmetric cyclic voltammetric profiles are observed with
approximately equal reduction and oxidation peak heights, characteristic of thin
layer electrochemical behaviour. As shown in Fig. 2.45, both cathodic and anodic
peak potentials remain almost unchanged over the chosen scan rate range. A plot
of log;o (peak current) against log; (scan rate) was found to linear with a slope of
0.98 (correlation coefficient of 0.999), which is very close to the expected theo-
retical slope of 1 for thin layer voltammetry as predicted by Eq. (2.78) [24].

In real situations, the absorbed species may be weakly or strongly absorbed. In
these contexts, one usually refers to the reactants that are adsorbed, but four
scenarios can be encountered, as elegantly shown in Fig. 2.46, each giving rise to
unique and intriguing voltammetry.

Of note is that in the case of a strongly absorbed reactant (Fig. 2.46d) there is a
pre-peak before the solution phase voltammetric peak while in the case that the
product is strongly adsorbed, the adsorption wave is seen following the solution
phase peak (Fig. 2.46¢). The effect of varying the voltammetric scan rate can be
highly illuminating, as shown in Fig. 2.47 for the case of a strongly adsorbed
product, where at slow scan rates (curve A) the adsorption wave is large relative to
the first diffusional peak. As the scan rate is increased, the current of the adsorption
peak decreases in magnitude while the diffusional peak current increases. At very
high scan rates the adsorption wave is absent (curve D) [25].

There is also another scenario which can give rise to unique voltammetry. In the
context of studying new materials, such as carbon nanotubes and indeed graphene
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Fig. 2.45 Cyclic voltammograms a for Hb-DMPC films in pH 5.5 buffer at different scan rates
(V s™); b influence of scan rate on reduction peak current. Reproduced from Ref. [24] with
permission from Elsevier

which is the focus of this handbook, researchers usually disperse their chosen
nanotubes into a non-aqueous solvent and put aliquots onto the working electrode
of their choice. This modified surface is allowed to dry to enable the solvent to
evaporate leaving the nanotubes immobilised upon the electrode surface, which is
now ready to be electrochemically explored (the so called drop-coating method).
This modified nanotube electrode surface is shown in Fig. 2.48. It has been shown
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Fig. 2.46 Voltammetry with
adsorption of reactants and
products. a reactant adsorbed
weakly; b product adsorbed
weakly; ¢ product adsorbed
strongly; d reactant adsorbed
strongly. Dashed lines are for
response in the absence of
adsorption. Reproduced with
permission from Ref. [25],
copyright 1967 The
American Chemical Society
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that the nanotube modified electrode exhibits a porous surface where ‘pockets’ of
the electroactive species are trapped in-between multiple layers of nanotubes and
the trapped species act akin to that of a thin layer cell [26]. The porous nanotube
layer has a large surface area and the electrode is thought to be in contact with a
finite, ‘thin-layer’ of solution (the species is trapped within the nanotube structure).
In this case a mixture of diffusional regimes exists.

Figure 2.49 shows the voltammetry that will be observed as more nanotube
material is immobilised upon the electrode surface, where there is an apparent
improvement in the voltammetric peak height and a reduction in the potentials to
lower values. Such a response has been assumed to be due to the electro-catalytic
nature of the nanotubes themselves rather than a simple change in mass transport.

As thin-layer dominates, the AEp changes from diffusional to that of thin-layer
such that the peak-to-peak separation decreases giving the misleading impression
that a material with fast electron transfer properties is giving rise to the response
and hence misinterpretation can arise. Care also needs to be taken when adsorbing
species are being explored as this will also give rise to thin layer type voltammetry
[27]. Indeed the distinction between thin-layer diffusion and adsorption effects is
not easy to make, especially in cases where the adsorption is rapidly reversible.
Where there is slow adsorption (and desorption) kinetics, the presence or absence
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Fig. 2.47 Voltammetric
response at scan rates of 1
(A), 25 (B) 625 (C) and 2500
(D) Vs~! for a product
strongly adsorbed.
Reproduced with permission
from Ref. [25], copyright
1967 The American
Chemical Society

Fig. 2.48 Schematic
representation of the two
types of diffusion that
contribute to the observed
current at a highly porous
CNT modified electrode.
Reproduced from Ref. [26]
with permission from
Elsevier

Fig. 2.49 Overlaid
voltammograms recorded at
100 mVs~' of 1 mM
dopamine at a glassy carbon
electrode modified with 0 pg
(solid line), 0.4 pg (dashed
line) and 2.0 pg (dotted line)
MWCNTs. Reproduced from
Ref. [26] with permission
from Elsevier
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of “memory effects” can be useful. If it is possible to transfer the electrode, after
exposure to the target solution, to a fresh electrolyte containing no analyte, then
adsorption effects can be inferred if voltammetric signals are retained or if signals
increase steadily over a period of time [27].
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Fig. 2.50 The approximate ranges of L, and L, values for various sp> carbon materials. Note,
there is large variation of L, and L. with sample history and thus the values shown should be
considered representative, yet approximate. A schematic representation of the L, and L.
microcrystalline characteristics of HOPG and glassy carbon is also shown

The above chapter is designed to give novices an insight into interfacial
electrochemistry which can be used in interpret data presented in later chapters.
Readers are directed to the following texts for further information on electro-
chemistry [6, 28].
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2.12 Electrode Materials

There are a whole host of commercially available working electrodes which utilise
a large variety of graphite products, such as amorphous carbon, glassy carbon,
carbon black, carbon fibres, powdered graphite, pyrolytic graphite (PG) and highly
ordered pyrolytic graphite (HOPG), each with different chemical and physical
properties. The key structural factor that leads to such an assortment of different
materials is the average graphite micro crystallites size (also known as the lateral
grain size), L,, which is effectively the average size of the hexagonal lattices that
make up the macro structure. In principle, this can range from being infinitely
large, as in the case of a macro single crystal of graphite, to the size of a benzene
molecule; approximately 3 A. In practice, the smallest L, values are found in
amorphous carbon, glassy carbon and carbon black and can be as low as 10 A.
Carbon fibres and pyrolytic graphite are intermediates in the range, with L, values
of ca. 100 A and 1000 A respectively. The assortment of materials are compared in
Fig. 2.50 which reveals that the largest graphite monocrystals are found in high
quality (ZYA and SPI 1 grade) HOPG, which can be 1-10 pm in size.

Regions where individual graphite monocrystals meet each other (i.e. grain
boundaries) are poorly defined and when exposed result in surface defects. In the
case of pyrolytic graphite, the individual graphite crystallites lie along the same
axis making it possible to obtain carbon surfaces with significantly less defects.
This is especially true for HOPG where the large lateral grain size can result in a
well-defined surface with values of defect coverage as low as 0.2 % [29].

In Chap. 3 we consider the electrochemistry of graphene and the attempts made
to understand this unique material.
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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 (L, or basal plane) and interplanar (L., 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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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]

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 CuKo radiation by measuring
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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. ¢ 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

(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
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Fig. 3.3 The approximate ranges of L, and L. values for various sp2 carbon materials. Note,
there is large variation of L, and L. 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] i:
Chemically exfoliated graphene; commercially available from ‘Nanolntegris’, 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] 1: 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 L, and L. 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 L, and L. values for a collection of other graphitic
forms where it is evident that HOPG has L, and L. values exceeding 1 um 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 L, values for
graphene ranging from below 50 up to 3,000 nm and larger, and of course true
(monolayer) graphene possesses an L. 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 ' eV ™!
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 ™! eV™!, 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 (L, and L.; 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, k°, can be defined as [15, 16]:

(2n)°p(HY,)*

k() —
Bh(4nA)'/?

exp [_ ﬂ 1(0, 1) (3.1)

where p is the density of electronic states in the electrode material, Hj, is the
electronic coupling matrix at the closest distance of approach, A = (F/RT)J,
where /4 is the reorganisation energy, f is its associated electronic coupling
attenuation coefficient, /4 is Planck’s constant, F' is the Faraday constant, R the gas
constant and T the absolute temperature. 1(0, A) is an integral give by [16]:

o €XP {—(8 — 9)2/4/1:|
1(0,4) = _./oc 2cosh[z/2]

(3.2)

where 0 = F/RT(E — E)?) and E? 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 (k). 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 (kgn,,,.) is given by Eq. (3.3) where Wox (4, E) is the dis-
tribution of the unoccupied redox states of the electron acceptor in solution given by
Eq. (3.4). The DOSGraphene(n=1/n=2) 18 the electronic density of states of graphene
for N = 1, and of double layer graphene for N = 2 and ¢¢y is the proportionality
function [22].

Egmphm
kgﬁlizhene =Up = / &ox (E)DOSGmphene(Nzl/N:2) (E) Wox (iu E)dE (3 3)
Eredox
1 (/1 - (E - Eredox))2
Wox (4, E) = exp| — - 34

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.
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Fig. 3.5 Cyclic voltammograms recorded at 1 Vs~! for the oxidation of 1 mM ferrocyanide in
1M KCI at a basal plane HOPG electrode and an EPPG electrode. The dashed line
voltammogram is the simulated fit using linear diffusion only (DigiSim™). Reproduced from
Ref. [23] with permission from The Royal Society of Chemistry

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, k° and .

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
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circular disc of the same area; b the resulting diffusion domain from the approximation in (a) (if)
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Fig. 3.7 Solid curves are simulated dimensionless current cyclic voltammograms for diffusion
domains where D = 6.1 x 107° cm® s~ ', k¢ = k%, = 0.022 cm s~ k§ = kf,., =107 em s,
v =1V s~!, the band thickness is 1.005 nm and the domain radius is a 0.01 pmb 0.1 pme¢ 1 pm
and d 10 um. Overlaid in each section are the simulated inert equivalents (dotted curves),

ie. k§ = kg, = 0cm s ' Reprinted from Ref. [5] with permission from Elsevier

noted: (1) there is a significant increase in the peak-to-peak separation, AEp,
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].
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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 R, are
centred around a circular block of radius R,, where the fractional coverage of the
domain, 0 = Ri /R(z) such that the surface areas of the basal sites and edge sites are
given by (1 — 0)nR} and OnR} respectively, allowing the effect of varying the edge
sites while keeping the surface coverage constant. The island radius is termed as R,
and Ry is the domain radius which includes the width of the edge plane site/band.
As is evident from Fig. 3.7, the AEp 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 pm resulting in
a maximum Ry of ~0.5-5 pm, the edge plane coverage is such that the basal plane
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Fig. 3.9 a Voltammetry of a one-electron transfer process at an electrochemically heterogeneous
electrode consisting of an array of microbands (k? = 10 cm s™') distributed over a substrate
material (k = 107° cm s™!) of area 1 mm? and a surface coverage of the bands of 10 % at a
scan rate of 0.1 Vs~'. The diffusion coefficient of all species is 107> cm? s~ 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~ !; diffusion

coefficient = 10> cm? s™'; island rate constant kg, , = 10 cm s~ '. Reproduced from Ref. [24]

with permission from The Royal Society of Chemistry

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: Opand = Tvand /Tdomain- 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 ¢ is replaced by: ‘AE /v’ where
AE is the potential range over which electrolysis occurs and ¢ (referred to as #yea:
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]:

V ZDtpeak > Tsep (35)

where

—

Tsep = 5 (rdomain - rband)

where rp4,4 1s the width of the edge plane site and r;yu4in 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 k¢, and in which region split peaks will be
observed. In the case that there is a large domain width, |/2Dt,.q < 7, 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.


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_2

92 3 The Electrochemistry of Graphene

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 kp,,, > kg, (€. kgyp, > ki) two peaks will be observed if the
k¢ . has measurable activity; however it has been shown that this is not the case

subs
and only the k},,, is active, or sometimes reported as anomalously faster over that
of kY, [4].

The rate of electron transfer for basal plane sites has been reported to corre-
spond to ~107 cm s~ 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
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Fig. 3.11 Cyclic voltammograms for the reduction of 1.1 mM [Ru(NH3)¢]** at a HOPG
electrode (vs. SCE) after each stage of nanotrench fabrication (Fig. 3.10): a stage 1, b stage 2, ¢
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

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, k° and o, the immobilisation
of graphene with its own edge and basal plane sites (with their own k° and o
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 (kgol 4+ %g0ia) 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



3.2 Fundamental Electrochemistry of Graphene

Fig. 3.12 a A schematic
representation of an
electrochemical reaction
occurring on a graphene
modified HOPG surface

95

Graphene sheet

A B+e
o
Ka A B+e
ay

exhibiting differing Butler-
Volmer characteristics; and a
top-down perspective (b).
Note that the figure is
obviously not to scale

(a) 3 S
A Bre

B Electrode Material 1
Edge Plane Sites

—

Electrode Material 2
Basal Plane Sites

Electrode Material 4
Graphene
Basal Plane Sites

B ciectrode Material 3
Graphene
Edge Flane Sites

(b) <+— ~4pym —»

Underlying

Graphene TR HOPG
sr?eet ';.\*/ electrode

Edge Basal

plane —— plane

site ) site

b O

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 n-7 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
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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
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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



3.2 Fundamental Electrochemistry of Graphene 97

assumed to be constant in many different forms of graphene with the expectation
that the domain radius changes (viz the L, 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 (~107° cm s™"), as is widely accepted in the case of HOPG
and since graphene is simply one layer of this, the effect of the domain radius (L,
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 &, ;. can be neglected such that
Fig. 3.12 simplifies to two key domains, kg, (HOPG) and kg,,, (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 SiO,-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 Al,O;
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 Al,O5 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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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 um. ¢ 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 pm. Reprinted with permission from
Ref. [29]. Copyright 2011 American Chemical Society

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 x 15 pm? for the mechanically exfoliated graphene and 0.38 x 0.50 mm? 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 ™', 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 SiO, 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]:

. 2
lY‘Y
Ag =n—2 .
f’ 7I<4nFDc) (36)
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where Az is the effective area of the microelectrode/graphene electrode and i is
the steady-state current. The A,y of the graphene electrodes was estimated to
correspond to 117 & 8 um?, which is in good agreement with Atomic Force
Microscopy (AFM) (found to correspond to ~ 130 pmz). [29] The standard
electrochemical rate constant was deduced for FcMeOH to be ~0.5 cm s~
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 10? 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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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, ¢ and d) 50 um and (¢) 20 um. Reprinted with permission from Ref. [30]. Copyright
2011 American Chemical Society

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
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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 pm diameter,
hence some edge sites must be in contact with the electrolyte), a bilayer sample and the
multilayer sample. Scan rate = 5 mVs™'; concentration = 1 mM ferricyanide in 1 M KCI.
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); ¢ 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)

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
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Fig. 3.19 Cyclic voltammetric profiles recorded utilising 1 mM potassium ferrocyanide(Il) in
1 M KCI. a obtained using a BPPG electrode (dotted line) with the addition of increasing
amounts of 2, 4, 50, 100, and 200 pg 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~' (vs. SCE). Reproduced from Ref. [33] with permission from The
Royal Society of Chemistry

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, AEp) 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



3.2 Fundamental Electrochemistry of Graphene 103

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 AEp indi-
cating a departure towards slower electron transfer kinetics [33]. Following
complete single-layer coverage (Fig. 3.20c) of graphene the AEp 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 (n—m)
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 n—n 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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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

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
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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 k° 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 k° 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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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

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 k° 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.
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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 pm, 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 AEp 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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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). (¢) Cyclic voltammograms of 5 mM potassium ferrocyanide(Il) 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™" (vs. Ag/AgCl reference electrode). Reproduced from Ref. [50] with permission from
The Royal Society of Chemistry

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],
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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
f-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 7 system
while Pyrrolic N refers to N atoms that contribute two p electrons to the 7 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 sp> hybridised and pyrrolic
N is sp® 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 pum 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
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Fig. 3.25 Bonding
configurations for nitrogen
atoms in N-graphene.
Reprinted with permission
from Ref. [66]. Copyright
2012 American Chemical

Society R

pyridinic™N=0" " quaternary N pyrrolic N
Fig. 3.26 Schematic @® Catom @ "pyridinic” N atom
representation of N-doped @ "graphitic” N atom v

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

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):

GO +aH"* + be™ — ER:GO + cH,0 (3.7)

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
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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

-1.2 -0.9 -0.6
EIV (vs. Ag/AgCl)

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 x 4 cm?) 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

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
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Fig. 3.29 Cyclic voltammetric profiles recorded towards 1 mM hexaammine-ruthenium(III)
chloride in 1 M KCI. Scan rate: 100 mVs~! (vs. SCE). a obtained using an EPPG electrode
(dotted line) after modification with increasing depositions of 1.38, 2.75 and 8.25 pg 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

(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 EC’ reaction (see Sect. 2.5),
where a first ‘electron transfer process’ (E process), as described generally as
[106]:

A+e” =B (EStep) (3.8)

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]:

B+Cc-5a + products (C Step) (3.9)

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].
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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:

I, = nFrCDN (3.10)
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Fig. 3.30 a Cyclic voltammetric profiles recorded utilising 1 mM hexaammine-ruthenium(III)
chloride in 1 M KCI, obtained using a CVD-graphene electrode (dashed line). b Cyclic
voltammetric profiles recorded for 1 mM potassium ferrocyanide(II) in 1 M KCI using a CVD-
graphene electrode. ¢ 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™"'

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

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
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Underlying Graphene
Metal Surface sheet

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

(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;


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

122 3 The Electrochemistry of Graphene

and the underlying metal surface k?nmlmdhce

that is, the graphene film, kgmphene
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 > kﬁ; the grown

graphene

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 kgmphene <

kgwtal surface
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

etal surface®

the metal surface will dictate the electrochemical response depending
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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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Chapter 4
Graphene Applications

Not everything that can be counted counts, and not everything
that counts can be counted.
William Bruce Cameron

In the earlier chapters we have observed the various electrochemical studies that
aim to extend our fundamental knowledge of graphene electrochemistry. An area
which greatly supports this is the use of graphene as an electrode material in the
field of electroanalysis and also in energy storage/conversion. Considering elec-
troanalysis for example, it is readily evident that electrochemistry has widespread
implications in the fabrication of sensing devices that have global ramifications in
terms of the detection of substances harmful to human health and the environment.
One of the most successful commercialisation routes whilst using electrochemistry
is the ‘billion dollar per annum’ glucose sensing market, allowing diabetics to
instantly measure their blood glucose without having to travel to a clinic or hospital
[1]. Typically, such sensors are based upon carbon/graphite derivatives and are
fabricated via screen-printing methods due to the advantages possessed in terms of
mass production, where economical yet reproducible sensors can be produced [2].
Other sensors based on this format are being commercially developed.

In terms of the performance obtained from a given electrochemical device, it is
the properties of the electrode material itself that are most significant. Therefore
research is conducted into the utilisation of various electrode materials, such as
graphene. As mentioned above, graphitic forms of carbon in-particular have
widespread use as disposable electrode materials due to their relatively economical
and scale-up fabrication processes [2], in addition to their non-toxic and highly
conductive attributes. Graphene is no exception to this trend, where owing to the
combination of its interesting electrochemical properties (Chap. 3) and it’s
reported unique assortment of physiochemical properties (Chap. 1) it has enor-
mous potential to be beneficially utilised in a range of sensing and energy related
electrochemical applications.

Indeed, probably one of the very reasons you are reading this book is that you
have read that graphene is a fantastic material for use in electroanalysis and in
energy related electrochemical applications. On inspection of the literature one
would believe that this is true and we could endlessly list the reported papers where
graphene modified electrodes have been reported to be useful in electroanalysis, or
have provided benefits in energy storage and generation applications. However,
upon closer inspection of this literature, all is not what it seems and we aim to
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provide a concise and informative overview of the field of graphene use in elec-
troanalysis and additionally where graphene has been explored in energy storage
(supercapacitors and so on) and conversion (fuel cells etc.); offering constructive
insights into this exciting field and allowing readers to make their own mind up on
whether graphene has revolutionised or is yet to revolutionise these fields.

4.1 Sensing Applications of Graphene
4.1.1 Electroanalysis

A common issue faced by graphene experimentalists is ‘how to electrically wire/
connect to graphene’ such that one can obtain the reported benefits. A common
approach in the field which solves this problem is to modify a pre-existing/well
utilised electrode material, such as glassy carbon (GC), boron-doped diamond
(BDD), and screen-printed electrodes; and in lesser cases, edge plane and basal
plane pyrolytic graphite (EPPG and BPPG respectively) electrodes. Typically the
chosen electrode substrate is modified with aliquots (usually pL volumes) of a
graphene suspension/solution and as such, one can control the surface coverage
and study this as a function of the electroanalytical response.

Two of the very first examples of graphene being utilised in electroanalysis were
towards the sensing of dopamine [3] and f-nicotinamide adenine dinucleotide
(NADH) [4]. In the former case, graphene modified GC electrodes were shown to
allow the sensing of dopamine in the presence of ascorbic acid, which typically
coexists with dopamine in biological organisms and shares a similar oxidation
potential for electrochemical detection. The authors reported that the graphene-
modified electrode completely eliminated the issue of the coexisting (intervening)
oxidation peaks. Furthermore, when contrasted with MWCNTSs, graphene was
found to yield an improved electrochemical response, which the authors suggested
was due to graphene’s unique electronic structure. For the case of the distinct
voltammetric responses at dopamine over ascorbic acid (which were negligible and
eliminated) the authors attributed this to m—m interactions between the phenyl
structure of dopamine and the two-dimensional planar hexagonal carbon structure of
graphene, suggesting that this makes electron transfer feasible, while ascorbic acid
oxidation is inactive, suggested to be most likely because of its weak n—= interaction
with graphene [3]. It was demonstrated that dopamine could be measured over the
range of 5 to 200 uM in a large excess of ascorbic acid, which is extremely useful
for potential implementation of graphene into real sensing applications.

In terms of the latter case above [4], cyclic voltammograms obtained using
graphene modified BPPG and EPPG electrodes in a 0.1 M phosphate buffer
solution (PBS, pH 7) containing 2 mM NADH are shown in Fig. 4.1. The authors
reported that for the electrochemical oxidation of NADH the graphene modified
electrodes exhibited a substantial negative shift of the anodic peak potential
(an improved electrochemical response) when compared with bare/unmodified
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BPPG and EPPG electrodes. The authors suggest that the “electro-catalytic” (our
emphasis) oxidation of NADH when utilising graphene is evident from the oxi-
dation peak potentials occurring at ~0.564 and 0.652 V when using a graphene
modified EPPG and an unmodified EPPG electrode respectively, with the authors
suggesting that a decrease of activation energy at the graphene modified BPPG and
EPPG electrodes allows the detection of NADH at lower potentials, which might
be attributed to the unique electronic structure and properties of graphene [4].

Unfortunately the authors [4] have been caught up in the graphene gold rush
and it is clear from inspection of Fig. 4.1 that the bare BPPG and EPPG electrodes
utilised in their work give rise to the same oxidation potentials for NADH—when
in reality the EPPG response is significantly more reversible that that presented in
Fig. 4.1; interested readers should consult Ref. [5].

In other work, the electrochemical detection of paracetamol has been reported
[6]; the evidence is presented in Fig. 4.2. The authors reported that at the bare GC
electrode, that is, prior to being decorated with graphene (graphene sheets func-
tionalised with hydroxyl and carboxylic groups), the electrochemical oxidation of
paracetamol exhibits electrochemically irreversible behaviour with relatively weak
redox peaks and currents at an Ep, (anodic peak potential) of ~0.368 V and a E,
(cathodic peak potential) of ~0.101 V. However, with the addition of graphene,
the modified electrode exhibits a pair of well-defined redox peaks towards para-
cetamol, with an Ep; of ~0.273 V and a E,. of ~0.231 V; a reduction in the over-
potential of paracetamol is evident when contrasting the graphene modified
electrode to that of the unmodified GC electrode, with a shift of 95 mV [6]. The
unique change (see Fig. 4.2) is attributed to the nano-composite film of graphene
accelerating the electrochemical reaction [6]. The effect of scan rates on the redox
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couple of paracetamol at the graphene-modified GC electrode was investigated by
cyclic voltammetry, which indicated that the modified-electrode reaction of par-
acetamol was a surface-confined process [6]. Note however, this could be due to a
change in mass transport arising from the graphene film being potentially porous,
where thin-layer type behaviour is observed (see Sect. 2.11); this behaviour cor-
responds to the graphene electrochemical response being in Zone I1I (see Chap. 3).
In this case it is likely that the large background current exhibited by the graphene
modified electrode is due to the large accessible surface area of such a porous
surface. Nevertheless, the authors went on to show that graphene modified elec-
trode allowed a detection limit of 3.2 x 10™® M, a reproducibility of 5.2 %
(relative standard deviation), and a satisfied recovery ranging from 96.4 to 103.
3 %. Note that Appendix B provides a useful overview of how to analyse data and
perform such useful analytical benchmarks that are widely used in the literature.

Other curious work has reported using reduced graphene sheets for the sensing
of kojic acid, which is a natural metabolic product of several species of Aspergillus,
Acetobacter, and Penicillium [7]. Additionally, kojic acid and some of its deriva-
tives are used in cosmetic preparation, to achieve a skin-lightening effect and also
as a food additive and preservative. Due to potential carcinogenic properties, the
development of a convenient, economical, rapid and sensitive method for the
determination of trace amounts of kojic acid in different samples is reported to be
highly desirable [7]. The cyclic voltammetric responses at bare GC and graphite
electrodes (in 0.2 M HAc—NaAc solution, pH 6.0) in the presence and absence of
200 puM kojic acid are shown in Fig. 4.3. Note that the graphite electrode used in
this work [7] is not defined as to whether this is an EPPG or BPPG electrode of
HOPG, or of other form. The response at the bare GC and graphite electrodes
(curves b and d, respectively) indicate that while kojic acid can be electro-oxidised
the voltammetric peaks are not well-defined. However the authors show that if the
GC electrode is modified with graphene (synthesised via the reduction of GO, i.e.
reduced graphene sheets (RGSs)) a well-identified anodic peak is observed, with
the peak potential (E,) decreasing to ~0.87 V (curve f) and a significant increment


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_3
http://dx.doi.org/10.1007/978-1-4471-6428-9_3

4.1 Sensing Applications of Graphene 131
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in the peak current evident; leading the authors to suggest that the RGSs have a high
electro-catalytic activity towards the oxidation of kojic acid [7]. The authors go on
further in their paper to suggest that the decrease in over-potential and large
enhancement of the oxidation current for kojic acid when using the RGSs/GC
electrode can be attributed to the high edge-plane sites/defects of RGSs.

It is evident that the “electro-catalytic” behaviour and enhanced analytical per-
formance of graphene and related structures has been widely reported, encompassing
the detection of a diverse range of analytes including numerous bio-molecules,
gases and miscellaneous organic and inorganic compounds [8, 9], and we expect this
trend to extend. However, it is interesting to note that in the above examples (and in
many others) the electro-catalysis of graphene is compared only to the underlying
electrode (usually GC) and not routinely to other relevant graphitic materials, such as
HOPG and indeed that of graphite. This is a significant issue given that in the
majority of studies the graphene utilised is most probably quasi-graphene [10], that
Is, consisting of multi-layers and theoretically approaching the structural compo-
sition of graphite. In the above specific example presented in Fig. 4.3, the authors do
indeed try and compare their response to that of an (undefined) graphitic electrode
and show that their modification with RGSs gives rise to useful voltammetry [7].
However, the authors failed to perform appropriate control experiments with the
starting material, that is, graphene oxide (GO) and additionally, simply graphite
modified GC electrodes; the role of oxygenated species that may reside on the
reduced GO is not clear and likely may contribute significantly to the observed
“electro-catalytic” response reported in Fig. 4.3.

Additionally, the beneficial response of using graphene modified GC electrodes
towards the sensing of paracetamol (as highlighted above) needs to be considered
further. The authors suggest that improvements are due to the “graphene accelerating
the electrochemical reaction due to the defective sheets of graphene” [6]. The lack
of control experiments means that the true origin of the claimed ‘electro-catalysis’
is unclear given that the graphene sheets utilised in their work are functionalised with
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hydroxyl and carboxylic groups, these may contribute to the response observed (see
Fig. 4.2). Alternatively, the response may arise through graphitic impurities formed
as aresult of the fabrication process, which also can contribute to a highly disordered
and porous graphene structure—in such a case it is likely that the observed response
is due to ‘thin-layer’ effects (see Sect. 2.11).

Note that the majority of graphene used in electrochemistry is produced through
the reduction of GO, which results in partially functionalised graphene sheets or
chemically reduced GO, which has abundant structural defects (edge plane like-
sites/defects) [9, 11] with carbon-oxygen functional groups that are remaining after
this fabrication process and have been shown to greatly influence electrochemical
activity; which can be either advantageous or detrimental towards the sensing of a
target analyte [8, 12-15].

While, as we write this book, there are many encouraging examples of the
reported benefits of utilising graphene in electroanalytical applications, where
improved sensitivities and low detection limits have been reported, it is still evi-
dent that in the majority of cases the electrochemical performance of true graphene
is scarcely reported and it is vital that appropriate control and comparison
experiments are performed prior to the beneficial electro-catalysis of graphene
being reported; Appendix C provides a useful (non-exhaustive) summary of the
various control experiments that should be considered.

In the case of true graphene modified electrodes, that is, the utilisation of
pristine graphene, the reported (above) beneficial electroanalytical responses have
been explored towards the electroanalytical sensing of dopamine (DA), uric acid
(UA), paracetamol (AP) and p-benzoquinone (BQ) [16]. Note that to allow the true
electroanalytical capabilities of graphene to be de-convoluted the authors chose to
modify HOPG electrode substrates (so a material of comparable nature to that of
graphene) that exhibited either fast or slow (EPPG or BPPG respectively) electron
transfer properties (i.e. either favourable or undesirable electrochemical properties,
respectively). Figure 4.4 depicts the comparison of the response observed at dif-
ferent electrode materials and at pristine graphene modified electrodes towards the
electroanalytical sensing of DA, where a large cyclic voltammetric signature is
observed using the bare EPPG electrode, which is consistent with the literature.
Also shown is the response of the bare BPPG electrode where a cyclic voltam-
metric response is observed with a larger peak-to-peak (AEp) separation; such a
response is consistent with the difference in surface structure where the EPPG has
a greater coverage of useful edge plane- like sites/defects [16].

Interestingly, the introduction of pristine graphene upon both of the electrode
substrates resulted in a decrease in the voltammetric response (in both cases), with
reductions in the peak heights (the analytically important current) and increases in
the AEp separation (indicating slow, unfavourable, heterogeneous electron transfer
kinetics) [16]. Note that the coverage of graphene utilised was chosen specifically
as this was found to correspond to a near true graphene modified electrode. You will
recall from Chap. 3 that three ‘zones’ are evident in graphene electrochemistry,
where in zone I the coverage corresponds to the use of graphene modified electrodes
where the graphene is near to that, as can be achieved, of mono- and few-layer
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graphene; which is as that presented in Fig. 4.4. A good question to ask is, why not
keep adding more graphene until an improvement is observed? Again, this change
in coverage will result in the modified electrode being within zone II, where
multi-layer graphene will occur and hence why use graphene at all, since you are
recreating the structural composition of graphite! Such a naive question shows
exactly why control experiments are conveniently avoided within the literature.

Returning to the case of exploring the electroanalytical response of pristine
graphene modified electrodes, Fig. 4.5 depicts the response of making additions of
dopamine into a buffer solution, using graphene modified electrodes along with a
calibration plot arising from using the different electrode materials. Strikingly the
best response, that is the response with the greatest gradient and hence sensitivity,
corresponds to the case of a bare EPPG electrode. Indeed Table 4.1 summaries the
electroanalytical responses observed towards different analytical targets using the
different electrode materials, with their corresponding sensitivities and limit of
detections (LOD) noted [16].

It is clearly evident that through the introduction of graphene onto the target
electrode substrates, there is a reduced electroanalytical performance at the pristine
graphene compared to the bare/unmodified electrodes; which is contradictory to
the majority of current literature reports which claim that the application of
graphene leads to an enhancement in the electroanalytical response in many
instances. [6, 7, 17-21] However importantly, such poor performances were evi-
dent at both the EPPG (fast electrode kinetics) and BPPG (slow electrode kinetics)
graphene modified electrodes and, in accordance with fundamental theory (see
Chap. 3), is as expected given the insights gained from earlier work utilising
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Fig. 4.5 Cyclic voltammetric profiles recorded towards successive additions of 5 M dopamine
(DA) into a pH 7 PBS (5-50 uM) utilising EPPG (a) and BPPG (b) electrodes following
modification with 20 ng graphene. ¢ Calibration plots towards the detection of DA depicting the
peak height as a function of concentration, obtained via cyclic voltammetric measurements
performed using unmodified EPPG (squares) and BPPG (circles) electrodes in addition to EPPG
(inverted triangles) and BPPG (triangles) electrodes following modification with 20 ng graphene.
All data obtained at a scan rate of 100 mVs™! (vs. SCE). Reproduced from Ref. [16] with
permission from The Royal Society of Chemistry

identical pristine graphene modified graphitic electrodes [22]. As mentioned in
Chap. 3 pristine graphene has a high electron density around its edge as opposed to
its centre, where owing to its unique geometry graphene possesses a low portion of
edge plane like- surface area and resultantly exhibits slow heterogeneous electron
transfer kinetics, particularly when compared to its closest counterpart—graphite
[22]. Thus the response observed above can be attributed (in both cases) to the
relative coverage of available edge plane sites (electroactive sites) on a given
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Table 4.1 Comparison of  Ejocr0de material Sensitivity/A M~ LOD (30)/uM

the analytical sensitivities and

resultant LODs (based on DA

three-sigma) obtained at the EPPG 0.15 1.73 (£0.03)

various electrode materials/ Graphene/EPPG 0.10 3.78 (£0.08)

modifications towards the BPPG 0.08 2.44 (£0.05)

electroanalysis of dopamine  Graphene/BPPG 0.07 4.18 (£0.11)

(DA), uric acid (UA), UA

paracetamol (AP) and EPPG 0.13 10.40 (£0.48)

Ig’;ggﬁzgg“i‘;ﬁ; C(aBtg)n (fzoor D Graphene/EPPG 0.09 11.25 (£0.40)

DAUAmd AP d0ne CUL s g 42 (2046

modification for BQ) (N = 3) AP ’ ’ ’
EPPG 0.21 2.41 (£0.06)
Graphene/EPPG 0.14 2.77 (£0.08)
BPPG 0.12 3.33 (+0.11)
Graphene/BPPG 0.10 4.11 (£0.14)
BQ
EPPG —0.14 2.14 (£0.05)
Graphene/EPPG —0.10 3.05 (£0.04)
BPPG —0.08 3.40 (£0.15)
Graphene/BPPG —0.08 2.31 (£0.09)

Reproduced from Ref. [16] with permission from The Royal
Society of Chemistry

electrode surface, where through the introduction of graphene the number of these
sites is significantly reduced, which are replaced instead with the relatively
inactive pristine basal plane sites of graphene which result in a ‘blocked’ electrode
surface, and hence reduced electron transfer kinetics give rise to poor electro-
chemical characteristics. As a result a change in the overall reversibility/irre-
versibility of the electrode kinetics is observed [16, 23, 24]; note that where large
deviations in the analytical signal occur it is inferred that this is due to the inherent
lack of oxygenated species on the pristine graphene that are readily present upon
HOPG surfaces (depending on pre-treatment of the electrode surface) and are
beneficial in some instances [16, 25, 26].

Other work has considered pristine graphene modified (graphite based) screen-
printed electrodes (SPEs) towards the electroanalytical detection of cadmium(II)
via anodic stripping voltammetry [27]. Figure 4.6a shows the effect of varying the
mass (coverage) of graphene immobilised onto the SPE surface; where, as
the coverage of graphene is increased, the electroanalytical parameter that is the
voltammetric stripping peak, exhibits a reduction in magnitude. Shown in
Fig. 4.6b is the electroanalytical response of the graphene modified SPEs towards
the sensing of cadmium(Il) where additionally a control experiment using a bare
(graphene free) SPE is also shown [27].

It is readily evident that there is no real improvement in the electrochemical
response from utilising graphene, and indeed the introduction of graphene upon
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Fig. 4.6 a Relationship between the mass of graphene coverage on the electrode surface and the
resultant peak height towards the detection of 400 pgL~' cadmium(Il) ions in pH 1.5 HCI
aqueous solution. b Calibration plots indicating the relationship between the concentration of
cadmium(II) ions and the observed peak height at an unmodified SPE (squares) and at SPEs
following modification with 20 (triangles) and 35 ng (circles) of graphene. a and b were both
obtained via square-wave anodic stripping voltammetry utilising a deposition potential of —1.2 V
(vs. SCE) for 120 s. Reproduced from Ref. [27] with permission from The Royal Society of
Chemistry

the electrode surface resulted, in this case, in a reduction in the observed vol-
tammetric signal—leading a to decreased analytical sensitivity towards the
detection of cadmium(Il) ions at graphene modified SPEs. Modification with
graphene also resulted in the reduced inter-reproducibility of the analytical signal,
where the % Relative Standard Deviation (%RSD) of the observed peak height/
area at an unmodified SPE and a SPE following modification with 20 and 35 ng of
graphene were 0.7/4.4, 5.2/2.8 and 16.3/15.8 % (N = 4) respectively (towards the
detection of 400 pugL™" (400 ppb) cadmium(II) ions. Note again the coverages
(mass additions) utilised were chosen in order to be akin to that of zone I graphene
electrochemistry [27].

Thus, as it is well known that metals nucleate exclusively on the edge plane
sites of graphitic materials, the low edge to basal surface area ratio of the graphene
structure of pristine graphene (with virtually no defects across the graphene basal
surface) results in poor voltammetric responses; this coupled with the reproduc-
ibility at graphene modified electrodes being above the typically accepted RSD of
5 % (thus generally analytically unacceptable), suggests that the use of pristine
graphene in the electroanalysis of metal ions via anodic stripping voltammetry is
not beneficial [27].

In additional support of the above two studies [16, 27], this same trend was also
found to be the case in earlier work towards the detection of hydrogen peroxide at
surfactant adsorbed/contaminated graphene modified electrodes [28]. Through
careful control experimentation utilising various surfactant and graphite modified
electrodes it was concluded that the graphite modified electrode exhibited a
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Fig. 4.7 Cyclic voltammograms of 14 pg/mL TNT on single- (G-SL), few- (G-FL), and
multilayer (G-ML) graphene nanoribbons and graphite microparticles. Conditions: background
electrolyte, 0.5 M NaCl; scan rate, 100 mV s~'. Reproduced from Ref. [21] with permission
from Springer Science and Business Media

superior electrochemical response due to its enhanced percentage of edge plane
sites when compared to that of graphene; sensitivities were measured at 32.8 and
49.0 tA mM ' for graphene and graphite modified electrodes respectively [28].
Interestingly however, when Nafion™, routinely used in amperometric biosensors,
was introduced onto the graphene and graphite modified electrodes, re-orientation
was observed to occur in both cases which proved beneficial in the former and
detrimental in the latter (due to alterations in the availability/accessibility of each
materials respective edge plane sites) [28].

Other useful work [21, 29] has emerged demonstrating that single-, few-, and
multi-layer graphenes modified upon GC electrodes do not appear to give rise to
significant advantages over control experiments using graphite micro-particles in
terms of the observed sensitivity, linearity and repeatability towards the electro-
analytical detection of UA and L-ascorbic acid (AA). These observations were
extended with regards to the electrochemical detection of 2,4,6-trinitrotoluene
(TNT). Figure 4.7 shows the cyclic voltammetric responses obtained from using
single-, few-, and multi-layer graphenes modified upon a GC electrode for the
electrochemical monitoring of TNT. The reduction of the three nitro-groups of
TNT results in three reduction waves at similar potentials of ~—525, —706 and
—810 mV, reflecting stepwise reductions of the individual nitro groups of TNT.
Figure 4.8 compares the analytical response of the different graphenes in terms of
their calibration plots towards TNT. It is evident that a graphite-microparticle
modified electrode provides slight improvements in terms of the electroanalytical
sensitivity when compared to the performance of single-, few-, and multi-layer
graphene alternatives. In fact, we suggest that it is evident that the single layer
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modified electrode gives rise to the lowest response while that of the graphite and
multi-layer graphene are quite similar. This is consistent with the concept that
single layer graphene exhibits a poor electrochemical response and that as the
number of graphene layers are increased, towards that of graphite, an improved
response is observed due to the greater proportion of edge plane sites.

In summary, from the current literature and the work highlighted above, it is
evident that due to graphene’s structural composition and consequently slow
heterogeneous electron transfer rates, there appears to be no real advantages of
employing pristine graphene in an electroanalytical context where fast heteroge-
neous electron transfer properties are desirable, as covered here. It is noted that
within these studies the EPPG electrode consistently exhibited the best perfor-
mance owing to its favourable orientation of the graphite planes resulting in
optimum edge plane coverage (and accessibility), and in certain cases the presence
of oxygenated species, [16, 22, 27, 30, 31] which questions the need to modify
electrodes with pristine graphene for the electroanalysis of target analytes in the
first place.

Given the wide range of graphenes that are available, which can significantly
differ from each other since different methods of preparation are used, control
experiments need to be routinely performed; Appendix C provides a useful
summary for the graphene experimentalist.

As discussed above, typically one modifies an electrode substrate with aliquots
of a graphene suspension/solution and as such, one can control the surface cov-
erage and study this as a function of the electroanalytical response. However, since
graphene prefers its lowest energy confirmation, that is, bulk graphene, viz
graphite, aggregation of graphene sheets occurs and effectively one has a surface
consisting of, in the best case, quasi-graphene [10] and through additions, devi-
ation occurs to the extent that the surface is essentially consisting of significant
layers of graphene, viz graphite. An approach to overcome aggregation is to have a
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true graphene electrode which can be readily fabricated via Chemical Vapour
Deposition (CVD), where the graphene is effectively pre-prepared onto a substrate
and characterisation of the surface allows one to know exactly the quality of
graphene being utilised.

As such the electroanalytical performance of a commercially available CVD
grown graphene electrode has been explored towards the sensing of the biologically
important analytes, NADH and UA [31]. Figure 4.9 depicts AFM images of the
graphene surface which has been grown via CVD upon a nickel film. The image
shows a highly disordered surface with graphene orientated both parallel and per-
pendicular to the surface in addition to the prevalence of graphitic islands across its
surface which contributes to a large global coverage of edge plane sites; note that
graphene surfaces are known to be polycrystalline, highly disordered and defect
abundant when grown on Nickel substrates utilising CVD [32]. Utilising cyclic
voltammetry the analytical sensitivities observed towards the detection of NADH at
CVD graphene, EPPG and BPPG electrodes were found to correspond to 0.26, 0.22
and 0.15 Acm > M respectively [31]. The similar responses observed at the EPPG
and CVD graphene electrodes was inferred to be due to the similar electronic
structures of the electrode surfaces due to similar structures where both exhibit a
good proportion of edge plane like- sited/defects; the enhanced performance of the
CVD graphene over that of the BPPG electrode is as expected given the former
possesses a greater degree of edge plane sites in comparison to the latter (as would an
EPPG electrode). In the case of UA the analytical sensitivities of the CVD graphene,
EPPG and BPPG electrode were found to correspond to 0.48, 0.61 and 0.33 Acm ™2
M respectively, where notably although the performance of the CVD graphene
electrode surpassed that of the BPPG electrode, its performance was inferior to that
observed at the EPPG electrode, which was inferred to be due to UA’s respective
surface sensitivity towards the (favourable) presence of oxygenated species and thus
was indicative of the differing O/C ratios at the two electrodes [30, 31].

Other useful work has reported the beneficial implementation of an electro-
chemically anodised CVD grown graphene electrode towards the electroanalysis
of various nucleic acids, uric acid (UA), dopamine (DA) and ascorbic acid (AA).
Anodising the electrode surface increases the degree of oxygen-related edge plane
defects and results in improved electron transfer kinetics being exhibited over that
of pristine graphene. Utilising differential pulse voltammetry (DPV) it was dem-
onstrated that mixtures of nucleic acids (adenine, thymine, cytosine and guanine)
or bio-molecules (AA, UA and DA) can be resolved as individual peaks and that
the anodised graphene electrode could simultaneously detect all four DNA bases in
double stranded DNA (dsDNA) without a pre-hydrolysis step, in addition to dif-
ferentiating single stranded DNA from dsDNA [33]. Of note is the control
experiments performed by the authors, where the response of the anodised
graphene electrode was compared to that of pristine graphene, GC and BDD
alternatives; the response of the anodised graphene electrode was found to surpass
and out-perform each alternative [33]. This work shows that graphene with an
elevated level of edge plane defects, as opposed to pristine graphene, is the choice
platform in electrochemical sensing.
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Fig. 4.9 AFM images of the ‘as received’ commercially available CVD graphene surface,
observed from various fop-down (a) and three-dimensional (b) perspectives. Note that the surface
is generally akin to that of a HOPG surface, but is highly disordered and thus as a result there is a
high edge plane content making, the two electrodes in comparison act electrochemically similar.
Reproduced from Ref. [31] with permission from The Royal Society of Chemistry
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In support of this work there are various reports where graphene, that is highly
disordered or defect abundant (high edge plane content) or of which possesses a
beneficial oxygen content, has been utilised advantageously within select sensing
applications [34-36]. Interestingly, while the functionalisation of graphene is
deleterious to its electrical conductivity, the resulting oxygen-containing groups
and structural defects can be beneficial for electrochemistry as these are the major
sites for rapid heterogeneous electron transfer at some surface sensitive analytes/
probes: note that these sites also provide convenient attachment sites in the
development of nanoarchitectonics or the attachment/adsorption of bio-molecules
where specific groups can be introduced that play vital roles in electrochemical
sensing and energy applications, hence the electrochemical properties of graphene-
based electrodes can be modified or tuned by chemical modification and tailored to
suit appropriate applications [37].

Thus it is clear that for the analytes studied above, in the best case, the elec-
troanalytical performance of the CVD graphene electrode mimicked that of EPPG,
again suggesting no significant advantage of utilising CVD graphene in this
analytical context [31]. It is evident that if true graphene is employed in the
context covered above (where fast electron transfer is beneficial), the best response
that can be achieved is that akin to an EPPG electrode, that is, as governed by the
Randles-Sev¢ik equations; any deviation from this results from either thin-layer
behaviour or could possibly be due to changes in mass transport characteristics or
other contributing factors (such as impurities, see Sects. 3.2.2 and 3.2.3) rather
than (wrongly) assigning the graphene to be ‘electro-catalytic’.

Apart from developing a graphene material which has a high density of edge
plane like- sites/defects, without recourse to graphite, and with favourable oxy-
genated species (for the target analyte of interest)—what useful properties of
graphene can be beneficially utilised?

In the case of pristine graphene, the large proportion of basal plane sites would
give rise to many adsorption sites for target analytes. Indeed this has been shown
to be the case for pristine graphene towards the detection of the DNA bases,
adenine and guanine, where the former adsorbs onto basal plane sites while edge
plane sites are electron transfer sites; confirmation was provided through the use of
graphitic (EPPG and BPPG) electrodes as control measures [38]. However, due to
the low proportion of edge plane sites arising from the unique structure of pristine
graphene, the electrochemical signal was found to be relatively small, precluding
its use for a useful electrochemical sensor [38]; a more advantageous approach
would be to use graphene that has been pre-treated to induce more edge plane like-
defects across the surface of its basal plane. Interestingly this was shown to be the
case using chemically-modified graphenes which contain different defect densities
and varied amounts of oxygen-containing groups [39, 40]. It was demonstrated
that differences in surface functionalities, structure and defects of various modified
graphenes largely influence their electrochemical behaviour in detecting the oxi-
dation of adenine, with later work demonstrating that few-layer graphene exhibits
improved electroanalytical behaviour over that of single-layer graphene, multi-
layered graphene (viz graphite), EPPG and unmodified GC electrode alternatives
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Fig. 4.10 a Cyclic voltammograms of 1.0 mM ascorbic acid (AA), 1.0 mM dopamine (DA) and
1.0 mM uric acid (UA) in 0.10 M PBS (pH 6.0) at NG modified GC electrode at a scan rate of
100 mVs ™. b Differential pulse voltammograms for 1.0 mM AA, 0.05 mM DA and 0.10 mM UA
in a 0.1 M PBS (pH 6.0) at a bare GC electrode (a) and a NG/GC electrode (b), respectively.
Reprinted from Ref. [43] with permission from Elsevier

[39, 40]. Importantly, this work shows how it is possible to effectively tailor
graphene to exhibit a range of favourable/required characteristics/properties for
beneficial implementation and this will no doubt have a profound influence on the
construction of graphene based sensors.

In other pursuits, the utilisation/fabrication of doped graphene structures (or the
fabrication of novel three-dimensional hybrid/composite graphene materials) has
been reported to be useful due to the significantly altered electrochemical properties,
where modification of the graphene can result in improved conduction or electronic
properties (DOS), increased disorder and/or edge plane accessibility [41, 42].

Numerous studies concerning the implementation of such graphene-based
materials have been reported, for example towards the ultrasensitive analytical
detection of cocaine [44], hydrogen peroxide [45], oxalate [46], ethanol [47],
dopamine [48], nitric oxide [49], and various heavy metals (cadmium, lead, copper
and mercury) [50]. One example, utilising nitrogen doped graphene (NG) towards
the simultaneous determination of AA, DA and UA is shown in Fig. 4.10, where a
high electro-catalytic activity towards the oxidation of all three analytes is
reported. The NG electrochemical sensor displayed a wide linear response and low
detection limits for AA, DA and UA, attributed by the authors to be due to its
unique structure and properties originating from nitrogen doping [43]. Such work
demonstrates that NG is a promising candidate for use as an advanced electrode
material in electrochemical sensing and other electro-catalytic applications. It is
important to note however that in the above work, although control experiments
were performed with the unmodified GC electrode (which was used as the
underlying support), comparisons were not made with other similar graphitic/
carbon type materials that had undergone the same treatment (and of course to
pristine graphene). Such control measures are crucial when determining the true
origin of improved electrochemical performances, and thus it is important that they
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be extended to include cases where nano-composites are utilised (such as a metal
nano-particle decorated graphene, or carbon-graphene based hybrid materials) in
which case responses at each of the individual components must be considered (as
well as with the addition of alternative, yet similar, graphitic structures); Appendix C
provides a useful (non-exhaustive) summary of the various control experiments that
should be considered by the graphene experimentalist.

4.2 Graphene Utilised in Energy Storage and Generation

There is an obvious need to significantly improve energy production and storage
technologies to the point that fossil fuels can be adequately substituted. There have
been substantial developments towards achieving this significant goal, but it is an
ever moving target as there are major increases in demand in terms of the world
energy consumption per annum [51]. One area of nanotechnology that is being
extensively explored in order to meet the global energy challenge is the use of
electrochemical applications utilising graphene and related structures. Graphene
continues to receive extensive interest in electrochemical applications due to its
reported large electric conductivity, large surface area, low production costs and
reported electro-catalytic activity. [8, 52—-54] We next explore the use of graphene
in energy storage and conversion devices.

4.2.1 Graphene Supercapacitors

Supercapacitors find extensive utilisation within consumer electronics as their
power intensity is higher than that of batteries since there are no chemical reactions
during the charging and discharging processes. Instead energy storage is based
upon electrochemical double-layer capacitance (EDLC) where energy is released
by nanoscopic charge separation at the solidlliquid interface. Energy stored is
inversely proportional to the double-layer thickness and such capacitors have high
energy densities in comparison to conventional dielectric capacitors [51, 56]. Due
to the absence of any chemical reactions, EDLC’s can be rapidly charged and
discharged, meaning that they can be used in hybrid vehicles such as in start-up
devices and are useful in conjugation with fuel cells (for example in electric
vehicles), where they can help extend the working lifetime of the fuel cells utilised.

Prior to the use of graphene, a carbon-based material such as activated carbon
was extensively used as an electrode material in the construction of supercapac-
itors due to its large surface area and low cost. However, in such structures, there
are a lot of carbon atoms that cannot be accessed by the electrolyte ions, as
illustrated in Fig. 4.11, and are effectively wasted; consequently this is a major
factor that limits the specific capacitance (which is F/g) of activated carbon
electrodes. Additionally, it is reported that the low electrical conductivity of
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Fig. 4.11 Comparison of different carbon materials as electrodes of supercapacitors. a Activated
carbon. Activated carbon has a high surface area. However, many of the micropores cannot be
accessed by electrolyte ions. b Single-walled carbon nanotube (SWCNT) bundles. SWCNTs
usually form bundles, limiting their surface area. Only the outmost surface can be accessed by
electrolyte ions. ¢ Pristine graphene. Graphene nano-sheets are likely to agglomerate through van
der Waals interactions during the drying process. It would be difficult for electrolyte ions to
access the ultra-small pores, especially for larger ions such as an organic electrolyte or at a high
charging rate. d Graphene/CNT composite. SWCNTSs can serve as a spacer between the graphene
nano-sheets to give rise to rapid diffusion pathways for the electrolyte ions. Moreover, they can
enhance electrical conduction for the electrons. The CNTs also serve as a binder to hold the
graphene nano-sheets together preventing disintegration of the graphene structure into the
electrolyte. Reproduced from Ref. [55] with permission from The Royal Society of Chemistry

activated carbon is also limiting its applications in high power density superca-
pacitors and results in a low specific capacitance per area of material. Following on
from activated carbon, the use of carbon nanotubes (CNTs) as high-power elec-
trode materials has been explored due to their reported higher electrical conduc-
tivity, enhanced charge transfer channels and high readily accessible surface area
[51, 55]. However, as illustrated in Fig. 4.11, SWCNTs usually stack/aggregate in
bundles and consequently only the outermost portion of CNTs can function for ion
absorption, where the inner carbon atoms are not utilised, thus leading to low
specific capacitance at CNT-based supercapacitors.

Table 4.2 compares the possible range of carbon based electrodes that can be
employed along with key performance characteristics. The performance of a
supercapacitor is mainly evaluated on the basis of possessing the following cri-
teria: (i) a power density substantially greater than batteries with acceptably high
energy densities (>10 Wh Kg™'); (ii) an excellent cycle ability (more than 100
times that of batteries); (iii) fast charge-discharge processes (within seconds);
(iv) low self-discharging; (v) safe operation; and (vi) low cost.
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Shown within Table 4.2 is the possible performance of graphene as a sup-
ercapacitor. Graphene and chemically modified graphene sheets possess a high
electrical conductivity, high surface area and outstanding mechanical properties
that are comparable with, or even better than, CNTs [51, 55]. Of particular use-
fulness in energy storage and generation is the exceptionally high specific surface
area of graphene, which is reported to be as large as 2675 m*/g [56]; which is
larger than that of activated carbon and CNTs, that are usually used in the ED-
LCs—suggesting that graphene is a promising material for supercapacitors.
Additionally, a graphene-based structure of individual sheets does not depend on
the distribution of pores in the solid support to provide its large surface area, but
instead, every chemically modified graphene sheet can “move” physically to
adjust to different types of electrolytes (which is aided by graphene’s reported high
flexibility). As a result, access of the electrolyte to a very large surface area in
graphene-based materials can be maintained while preserving the overall high
electrical conductivity in the network [55].

However, there are also issues with pristine graphene derived supercapacitors
since graphene agglomerates or restacks back to form graphite through the high
cohesive van der Waals interactions during the drying process applied in obtaining
graphene. As such, if the graphene sheets are stacked together it is difficult for ions
to gain access to the inner layers in order to form the electrochemical double layers.
In this case, the ions can only accumulate on the top and the bottom surfaces of the
graphene sheets, leading to a lower specific capacitance since the stacked material
cannot be fully used, as illustrated schematically in Fig. 4.11c. The hope of using
graphene still exists, because, if used optimally, theoretically graphene is capable of
generating a specific capacitance of 500 F g~' (providing the entire 2,675 m* g~ ")
is utilised; something which researchers aim to do, yet seldom achieve.

Cheng and co-workers demonstrated that a graphene/SWCNT composite is the
best approach to the above problem [55]. They fabricated an electrode as shown in
Fig. 4.11d, where a highly conductive spacer (SWCNTs5) is utilised and as a result
reduces the internal electrical resistance of the electrode and improves the power
performance through preventing agglomeration between the graphene sheets—
improving the accessibility for electrolyte ions [55]. Using this approach sup-
ercapacitors with high energy densities have been reported, with specific capaci-
tances of ~290.6 and 201.0 F g~ being obtained for a single electrode in aqueous
and organic electrolytes respectively [55]. In the organic electrolyte the energy
density was reported to reach 62.8 Whkg™' and the power density was
58.5 kW kg~ '. The addition of SWCNTs raised the energy density by 23 % and
power density by 31 % when compared to the performance of ‘just graphene’
electrodes. The graphene/CNT electrodes exhibited an ultra-high energy density of
155.6 Wh kg™" in an ionic liquid at room temperature, where additionally the
specific capacitance increased by 29 % after 1,000 cycles (indicating the excellent
cyclic-ability of their fabricated capacitor).

Other notable work [58] has used the approach shown in Fig. 4.12 where a
specific capacitance value of 326 F g~' at 20 mV s~' was observed, which
compared to 83 F g~' where CNTs were not used.
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Fig. 4.12 Scheme for preparing a reduced GO electrode and b graphene sheet (GS)-CNTs-9-1
electrode. Note the schematic models of GS-CNT composites with various GS/CNTs ratios;
where (¢) GO are dispersed in the solution and GS aggregates/stacks are formed after reduction
d GO and CNTs coexist in the solution and CNTs act as nanospacers to increase the interlayer
space between GS after reduction, avoiding the aggregation issue e excess CNTs attach on the
surface of GS resulting in a low exposure of surface area, and f CNTs are dispersed in the solution
and CNTs aggregates are formed in the dry state. Note that GS refers to a graphene sheet.
Reproduced from Ref. [58] with permission from The Royal Society of Chemistry

Fig. 4.13 Schematic illustrating the electro-activation to increase the electrode surface area after
cycling. a Graphene sheets are likely to aggregate to form few-layered graphene which cannot be
fully accessed by electrolyte ions at the first several charging and discharging cycles. b After a
long time cycling, aggregated graphene sheets are separated by intercalated ions so there is a
greater surface area available for electrolyte ions to result in an increase of specific capacitance
after cycling. Reproduced from Ref. [55] with permission from The Royal Society of Chemistry

Furthermore the power density was reported as 70.29 kW kg™, highlighting
the advantages of utilising such a fabricated electrode given that inspection with
the literature reveals that such a response is highly competitive [58]. Cheng et al.
[55] have also reported graphene and SWCNT composites exhibiting capacitances
of ~290.6 and 201.0 F g~' in aqueous and organic electrolytes respectively.
Figure 4.13 shows a schematic representation of the composite where the
SWCNTs act as spacers to allow full access to the graphene surface. In the organic
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electrolyte the energy density reached 62.8 Wh kg™' and the power density

reached 58.5 kW kg7l [55]. In this case the addition of SWCNTSs raised the
energy density by 23 % and the power density by 31 % over that of the graphene
(with no CNT spacers) electrodes. The graphene/CNT electrodes exhibited an
ultra-high energy density of 155.6 Wh kg™' in an ionic liquid [55].

Other reports where novel graphene based supercapacitors have be readily and
easily fabricated are freestanding and binder-less flexible supercapacitors, [59]
consisting of three-dimensional (3D) interweaved structures comprising graphene
nanosheets (GNS) and cellulose fibres (from the filter paper, see below); which
exhibit exceptional mechanical flexibility and good specific capacitance. Fig-
ures 4.14 and 4.15 show that the method of fabrication is extremely simple, where
the chosen GNSs are placed into an aqueous suspension and are then filtered
through filter paper, as shown in Fig. 4.14, to produce a graphene-cellulose
membrane (GCP).

These unique flexible supercapacitors have been shown to exhibit high stability
and lose only 6 % of their electrical conductivity after being physically manipu-
lated (bent) 1,000 times [59]. The high capacitance per geometric area is
~81 mF cm™? which is equivalent to 120 F g™, of which >99 % of the capac-
itance is retained over 5,000 cycles.

As mentioned in earlier chapters, graphene can be fabricated on a large scale
via the reduction of GO, using either chemical, thermal or electron beam reduction
[60-63]. Thermal reduction is reported to be able to give rise to few-layer graphene
structures with less agglomeration, a higher specific surface area and higher elec-
trical conductivity than graphenes produced via other fabrication routes [64, 65].
The effect of changing the thermal reduction temperature over the range,
200-900 °C has been explored with respect to the interlayer spacing, oxygen
content, specific surface area and degree of disorder all being diligently monitored
[66]. It was found that the highest capacity was 260 F g~ at a charge/discharge
current density of 0.4 A g~' at a 200 °C thermal reduction temperature [66].
Interestingly, such specific capacitances are similar to that reported above where
SWCNTs spacers were used (see Ref. [55]) suggesting that if the work of Ref. [66] is
extended to include this, then even greater improvements can possibly be obtained.

However, it has recently been suggested that in certain cases, thermally reduced
GO is no more beneficial, in specific selected energy applications, than that of
amorphous carbon [67]. Additionally, note that the terminology used within the
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Cellulose fibers GNSs coating on GNSs filled in voids
cellulose fibers

Fig. 4.15 SEM images of the filter paper or GCP surfaces with different GNS loading amounts.
a 0 wt% (pristine filter paper), b 2.3 wt%, and ¢ 7.5 wt%. d Illustration of the structural evolution
of GCP as the graphene nanosheet loading increases. Reproduced from Ref. [59] with permission
from Wiley

field is not consistent. For example, in the work of Zhao et al. [66] the thermal
reduction of GO is reported via heating at a rate of 5 °C/min in a nitrogen
atmosphere (where the temperature was varied from 200 to 900 °C for 2 h),
whereas other work reports thermal exfoliation by heating at the desired temper-
ature for 5 min in an air atmosphere [68]. Clearly both methods will result in
entirely different graphene materials with the terminology (‘reduced GO’ or
‘thermally reduced graphene’) not really alerting the reader to these preparative
differences.

Hybrid supercapacitors involving various components (as an alternative to the
carbon-carbon based hybrid materials covered in detail above) are another avenue
of research where graphene is beneficially utilised with pseudo-capacitive mate-
rials. Table 4.3 provides an overview of recent literature reports where it is clear
that the synergic effect of the two capacitative methods are beneficial, revealing
high capacitance values. Of note, solution-exfoliated graphene nanosheets
(~5 nm thickness) have been coated onto 3D porous textile support structures (for
high loading of active electrode materials and to facilitate the access of electrolytes
to those materials) [69]. Figure 4.16 depicts the elegant fabrication approach. The
hybrid graphene/MnO, based textile material yielded high-capacitance perfor-
mances with specific capacitance up to 315 F g~ '. The ability to produce low cost,
lightweight and potentially wearable energy storage devices is truly exciting.
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microfibers in textile gfﬂt;':)eaglg dﬂfgxgisl';eets graphene/MnO, -textile

Fig. 4.16 Schematic illustrations of two key steps for preparing hybrid graphene/MnO,-
nanostructured textiles as high-performance electrochemical capacitor electrodes. Left to right:
conformal coating of solution-exfoliated graphene nanosheets (grey colour) onto textile fibres,
controlled electro-deposition of MnO, nanoparticles (yellow dots) on graphene-wrapped textile
fibres. Accompanied by SEM images of a sheet of graphene-coated textile after 60 min of MnO,
electro-deposition showing large-scale, uniform deposition of MnO, nanomaterials achieved on
almost the entire fabric surface. Scale bar: 200 pm (left) and an SEM image of a typical micro-
fibre with conformal coating of MnO, nanostructures (right). (Inset) high magnification SEM
image showing the nano-flower structure of electrodeposited MnO, particles and a clear interface
between MnO, nano-flower and underneath graphene nanosheets. Scale bars are 5 and 1 pm for
main figure and inset respectively. Reprinted with permission from Ref. [69]. Copyright 2011
American Chemical Society

Following the theme of using 3D porous networks, since they permit large
loading of active electrode materials and easy access of electrolytes to the elec-
trodes, researchers have turned to fabricating 3D graphene foams [86].

Figure 4.17 depicts an example of such a 3D graphene foam, which are gen-
erally fabricated using a nickel skeleton upon which graphene is grown via CVD.
The underlying skeleton is then etched away to leave a free-standing graphene
structure [87]. This unique graphene structure has been demonstrated to give rise
to high quality graphene with outstanding electrical conductivity, superior to
macroscopic graphene structures from chemically derived graphene sheets [87].
Based on the ratio of the integrated intensity of the G and 2D bands obtained via
Raman analysis, it was concluded that the walls of the foam are composed of
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Fig. 4.17 a Photograph of a macroscopic 3D graphene foam network. The foam is flexible and
can be easily handled and manipulated. b Raman spectra taken from several locations on the
graphene foam clearly showing the Raman G band and 2D band peaks. ¢ SEM image of the
micro-porous graphene foam. d Teflon coated graphene foam showing similar pore structure and
dimensions to the original graphene foam. Reproduced from Ref. [87] with permission from
Wiley

mono- to few-layered graphene sheets; clearly such foam is better termed quasi-
graphene ‘as coined in Ref. [10]’. Note the absence of a defect related D band in
the Raman spectrum indicates the high quality of graphene sheets prepared using
the CVD process. Figure 4.17c shows SEM images of the micro-porous graphene
foam in which an average pore size of ~200 pm is observed, while Fig. 4.17d
shows a Teflon coated graphene foam which also exhibits a similar pore structure
(and dimensions) as the original graphene foam [87]. The thickness of the Teflon
coating is estimated to be ~200 nm (estimation performed by Teflon coating on to
a flat surface which was subsequently cleaved for cross-sectional SEM analysis)
[87]. Note that the authors were interested in obtaining a super-hydrophobic
structure; a contact angle of 129.95° was observed at the 3D graphene foam, which
increased to 150.21° following Teflon treatment; a value greater than 150° is
termed a super-hydrophobic material.

In the specific case of energy storage, these unique 3D quasi-graphene foams
have been widely explored. Figure 4.18 shows a 3D graphene structure that has
been modified with cobalt oxide, giving rise to a specific capacitance of 1,100 F
¢~ ! at a current density of 10 A g~' [88]; the 3D structure can be readily modified
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Fig. 4.18 SEM images of a 3D graphene foam b 3D graphene/Co;04 nanowire composite. c,
d Low- and high-magnification SEM images of graphene/Co30, nanowire composite. Inset panel
d shows an enlarged view. e, f Low- and high-resolution TEM images of Co30, nanowire grown
on the surface of 3D graphene foam. Reprinted with permission from Ref. [88]. Copyright 2012
American Chemical Society

with other metals and we expect this approach to be readily adopted by
researchers. For example, as shown in Fig. 4.19, the 3D quasi-graphene foam has
been modified with zinc oxide via the in situ precipitation of ZnO nanorods under
hydrothermal conditions [89]. It was reported that the graphene/ZnO hybrids
displayed superior capacitive performance than the unmodified alternative, with a
high specific capacitance of ~400 F g~ as well as an excellent cycle life; making
these unique materials suitable for high-performance energy storage applications.

It is clear from this section that graphene is being beneficially utilised in the
fabrication of supercapacitors and its incorporation into such devices is giving rise
to some excellent specific capacitance and power densities. Other interesting work
has addressed the graphene itself, that is, nitrogen doped graphene (produced via a
plasma process) [90]. The doped graphene was shown to exhibit a specific
capacitance of 280 F g™, 4 times greater than un-doped pristine graphene; the
nitrogen-doping is reported to manipulate the electronic structure which improves
the device performance [90]. As material scientists design and fabricate novel
graphene structures, it is clear that significant enhancements in supercapacitors
performance are likely to arise.
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Fig. 4.19 SEM images of the samples. a SEM image of 3D graphene foam. b—-d SEM images of
graphene/ZnO hybrids with different magnifications. The inset of (d) shows the morphology of a
single ZnO nanorod at a high magnification. Reproduced from Ref. [89] with permission from
The Royal Society of Chemistry

4.2.2 Graphene Based Batteries/Li-lon Storage

Lithium ion (Li-ion) based rechargeable batteries are a further class of energy
storage devices where graphene has been employed due to its reported superior
attributes. Li-ion based rechargeable batteries have been used extensively within
portable electronics and are attractive for such purposes as they possess the ability
to store and supply electricity over a long period of time. The electrode materials
(i.e. anode/cathode) utilised in the fabrication of Li-ion batteries play a dominant
role in the obtained performance, although each component of the battery is
essential to its performance capabilities [54, 91]. Generally, a Li-ion device is
composed of an anode, electrolyte and a cathode, as depicted in Fig. 4.20. On
charging, the Li-ions are extracted from the cathode material and pass through the
electrolyte until they reach and insert into the anode material; discharge reverses
the procedure [51, 92]. Thus given that the output/performance of a battery is
directly related to the Li-ion insertion/extraction process and efficiency at the
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Fig. 4.20 A schematic
illustration of a rechargeable
lithium battery composed of
cathode, anode, and
electrolyte. Reproduced from
Ref. [54] with permission
from The Royal Society of
Chemistry
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anode and cathode, the materials utilised for the two electrodes are fundamental to
the battery’s performance [54].

Currently the most commonly employed anode material for lithium based
batteries is graphite, due to its high Coulombic efficiency (the ratio of the extracted
Li to the inserted Li) [54] where it can be reversibly charged and discharged under
intercalation potentials with a reasonable specific capacity [93]. However,
researchers are looking for improvements in battery performance and wish to
increase the relatively low theoretical capacity associated with graphite batteries
(372 mA h g~') and the long diffusion distances of the Li-ions in such devices
[51, 54].

Graphene has already shown itself experimentally as a beneficial replacement
(anode material) for a new generation of Li-ion batteries due to it exhibiting higher
specific capacities than many other electrode materials (including graphite); and
additionally there are numerous theoretical papers having emerged to support this
proposed ideology [93-96]. It is suggested that graphene’s two-dimensional edge
plane sites are expected to aid Li-ion adsorption and diffusion, allowing for
reductions in charging times and an increased power output. An overview of
various graphene based electrode materials that have been reported in the literature
for use as a lithium based battery are listed and compared to other electrode
materials, namely graphite and CNTs, in Table 4.4.

As reported in Sect. 4.2.1, the same problems experienced with capacitor based
devices hamper Li-ion energy storage devices, in that aggregation of the graphene
can limit applications and is an issue that needs to be overcome. Again, one
solution (with respect to the fabrication of an all-carbon based hybrid electrode) is
the use of CNTs as spacers between the graphene layers. For example elegant
work has shown that a specific capacitance of 540 mA h g~' can be obtained
utilising a GNS electrode (a larger value than that of graphite, see above), which
increases up to either 730 or 784 mA h g~' through the incorporation of CNT or
Cgo macromolecules into the GNS structure respectively [97]. Again it is clear that
the improved accessibility of graphene’s surface area in such hybrid materials
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leads to enhanced capacitance capabilities with regards to Li-ion insertion, fur-
thermore, nano-sized holes they may reside within the hybrid graphene structure
have linked to high rate discharge capabilities in Li-ion batteries [101]. For
example, work by Kung et al. which aimed to overcome the restrictions on per-
formance caused by the low accessible volume (which is usually only a fraction of
the physical volume) of stacked graphene layers resulted in the fabrication of
‘holey graphene papers’ (through facile microscopic engineering, i.e. controlled
generation of in-plane porosity via a mechanical cavitation-chemical oxidation
approach) that possessed abundant ion binding sites and thus exhibited enhanced
ion diffusion kinetics and excellent high-rate Li-ion storage capabilities [102].
However, note that capacitance is not the only issue when looking at the perfor-
mance of batteries, as discharge rates and cyclic abilities also need to be
considered.

Other notable work was performed by Bai et al. [103] who explored the
development of high quality graphene sheets that had been synthesised through an
efficient oxidation process, followed by rapid thermal expansion and reduction by
H,. The group suggest that the number of graphene layers can be controlled by
tuning the oxidation degree of GOs, with a higher oxidation degree resulting in
fewer graphene layers. Various techniques were employed to determine the
number of graphene layers including thermo-gravimetric analysis, SEM, AFM,
TEM and Fourier Transform Infrared (FTIR) spectroscopy. It was determined
through experimental analysis that the obtained graphene sheets with single, triple
and quintuplicate layers as anode materials exhibit high reversible capacities of
1,175, 1,007 and 842 mA h g™, respectively. Such findings would strongly sug-
gest that a higher reversible capacity is offered by those graphene sheets consisting
of fewer layers. Furthermore, the cyclability offered was found to be highly
encouraging given that after 20 cycles the graphene anode still maintained specific
capacitance values of 8,46, 730 and 628 mA h g~' for the single, triple and
quintuplicate graphene layers respectively, that is, about 70 % retention of the
reversible capacity [103]. Clearly such findings can potentially serve as the
foundations on which further investigations involving the use of graphene with
different numbers of layers can be facilitated [103].

In terms of utilising functionalised graphene within Li-ion batteries, Bhardwaj
and co-workers [100] have reported the electrochemical Li-ion intake capacity of
carbonaceous one-dimensional GNSs (obtained by unzipping pristine MWCNTSs).
The authors showed that oxidised-GNSs (0x-GNSs) outperformed the unmodified
GNSs and also the original MWCNTs in terms of their energy density, obtaining a
first charge capacity of ~ 1,400 mA h g~ (0x-GNS); with a low Coulombic effi-
ciency for the first cycle, ~53 and ~95 % for subsequent cycles, which was shown
to be notably superior to MWCNTSs and GNSs and similar to that of graphite [100].
The cyclic capacity of the ox-GNSs was within the range of 800 mA h g™, with an
early capacity loss per cycle of ~3 % (this value decreasing upon subsequent
cycles) [100]. Note that the cyclability is the capacity loss per charge/discharge
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cycle, and is a useful parameter to evaluate battery performance over time, where in
this case, MWCNTs and GNSs perform better than the proposed ox-GNSs with
capacity losses of ~1.4 and ~2.6 % respectively, however, due to the higher
initial capacitance of the ox-GNSs the performance of this material can still be
regarded as superior due to the established cyclic capacity (stabilised capacitance
value after continued cycling) remaining high, though improvements in the
cyclability of the material would be desirable [100].

Hybrid graphene composite materials (other than carbon/graphene materials that
have been highlighted above) have also been explored. In one example Paek et al.
[93] demonstrated that a graphene/SnO, based nano-porous electrode exhibited a
higher reversible capacity when compared to bare SnO,, bare graphene, and bare
graphite electrodes, and in addition to this, the graphene/SnO, electrode exhibited
an improved cyclic performance when compared to the same electrodes [93]. Note
here the efficient use of control experiments by the authors (however, an additional
step would have been to utilise graphite for the fabrication of the hybrid material to
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ensure that observed improvements do in fact originate from the incorporation of
graphene). The graphene/SnO, based nano-porous electrode was shown to exhibit a
reversible capacity of 810 mA h g~' [93]. Furthermore, its cyclic performance was
drastically enhanced in comparison to bare SnO, nanoparticles, where after 30
cycles the charge capacity of the graphene/SnO, based electrode remained at
570 mA h g_1 (70 % retention), whereas the bare SnO, nanoparticles first charge
capacity was 550 mA h g~ which dropped rapidly to 60 mA h g~! after only 15
cycles at 50 mA g~'. Paek et al. [93] also reported superior cyclic performances
over graphite modified nanoparticles, where the initial capacitance was
~500 mA h g~', which dropped slightly during cycling—the bare graphene
electrode resides only slightly above this level: Fig. 4.21 demonstrates the capac-
ities and cyclic abilities of the mentioned composites along with a schematic rep-
resentation of the fabricated graphene hybrid material [93].

Another useful metal oxide based graphene hybrid materials that have proven
beneficial include the fabrication of a Mn3;O4—graphene composite, which was
reported to be a suitable high-capacity anode material for utilisation in Li-ion
batteries [99]. Using a two-step solution-phase reaction to form Mn;O4 nanopar-
ticles on reduced graphene oxide (rGO) sheets, one report has demonstrated that a
Mn;0,—graphene anode exhibits a high specific capacity of ~900 mA h g, near
the theoretical capacity of Mn;O, (~936 mA h g~ '), with a good rate capability
and cycling stability (a capacity of ~730 mA h g_1 at 400 mA g~' was retained
after 40 cycles) [99]. The beneficial response was reported to arise from the
intimate interactions between the graphene and the Mn3;O,4 nanoparticles. Note that
even at a high current density of 1,600 mA g~ the specific capacity was found to
correspond to ~390 mA h g~', which is higher than the theoretical capacity of
graphite (see earlier). The authors performed control experiments utilising the
synthesis of free (in the absence of graphene) Mn;O,4 nanoparticles by the same
process, where the performance was much worse; at a low current density of
40 mA g' the free Mn;O, nanoparticles exhibited a capacity lower than
300 mA h g~', which further decreased to ~ 115 mA h g~ " after only 10 cycles.

Whilst on the theme of metal oxide based hybrid materials, note that Fe;O,
exhibits great potential for use as an anode material with high capacity, low cost,
eco-friendliness and natural abundance [91]. However because of a problem with
rapid capacity fading during cycling, it has attracted the attention of scientists for
use in the creation of hybrid materials [91]. A well-organised, flexible interleaved
composite of GNSs decorated with Fe;O, particles (through in situ reduction of
iron hydroxide between GNSs) has been fabricated with the aim of overcoming the
above issue; where the interleaved network of GNSs produce a pathway for
electron transport as shown in Fig. 4.22. The GNS/Fe;0, composite was reported
to exhibit a reversible specific capacity approaching 1,026 mA h g~' after 30
cycles (at 35 mA g~') and 580 mA h g~' after 100 cycles (at 700 mA g~ '), as
well as improved cyclic stability and an excellent rate capability [91]. In com-
parison, the capacities of the bare Fe,O; and commercially available Fe,O,
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Fig. 4.22 a Schematic of a flexible interleaved structure consisting of graphene nanosheets
(GNS) and Fe30, particles. b (a) SEM image of the cross-section of GNS/Fe;0,4 composite, and
(b) TEM. ¢ Cycling performance of commercial Fe;O, particles, GNS/Fe;0,4 composite, and bare
Fe,05 particles at a current density of 35 mA g~'—solid symbols, discharge; hollow symbols,
charge. Reprinted with permission from Ref. [91]. Copyright 2010 American Chemical Society
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particles following 30 cycles at 35 mA g~ ' were found to decrease from 770 and
760 mA h g~' to 475 and 359 mA h g~! respectively, thus demonstrating poor
cyclic abilities (the cyclic abilities are highlighted in Fig. 4.22) [91]. The multi-
functional features of the GNS/Fe;04 composite were reported to be as follows: (i)
GNSs play a “flexible confinement” function to enwrap Fe;O,4 particles, which
can compensate for the volume change of Fe;O, and prevent the detachment and
agglomeration of pulverized Fe;Q,, thus extending the cycling life of the elec-
trode; (ii) GNSs provide a large contact surface for individual dispersion of well-
adhered Fe3;0O, particles and act as an excellent conductive agent to provide a
highway for electron transport, improving the accessible capacity; (iii) Fe;O4
particles separate GNSs and prevent their restacking thus improving the adsorption
and immersion of electrolyte on the surface of electro-active material; and (iv) the
porosity formed by lateral GNSs and Fe;O, particles facilitates ion transportation
[91]. As a result, this unique laterally confined GNS/Fe;O, composite can dra-
matically improve the cycling stability and the rate capability of Fe;0, as an anode
material for lithium ion batteries [91].

The fabrication of graphene based composite materials clearly precludes the
issues surrounding the use of graphene for Li-ion batteries, resulting in greatly
enhanced Li-ion insertion capacities and excellent cyclic performance in the
majority of cases [51]. Alternatively, one can use other unique derivatives of
graphene to alter graphene’s properties with the aim of solving the aforementioned
problems; such as doped graphene structures, for example nitrogen, potassium or
boron-doped graphene, which have been utilised beneficially in energy technolo-
gies. In one such example Wu et al. [104] demonstrated that nitrogen- or boron-
doped graphene (V- and B-doped respectively) can be used as a promising anode
material for high-power and high-energy Li-ion batteries under high-rate charge/
discharge conditions. The doped graphene was reported to show a high reversible
capacity of >1,040 mA h g~ at a low rate of 50 mA g~ '. Critically, the system
was found to allow for rapid charge/discharge times of between 1 h to several tens
of seconds, together with high-rate capability and excellent long-term cyclic
ability. For instance, a very high capacity of ~199 and 235 mA h g~ was
obtained for the N-doped graphene and B-doped graphene (at 25 A g~ '), respec-
tively; requiring only ~ 30 seconds to fully charge [104]. It was suggested that the
unique 2D structure, disordered surface morphology, hetero-atomic defects,
enhanced electrode/electrolyte wettability, increased inter sheet distance,
improved electrical conductivity, and thermal stability of the doped graphenes are
beneficial for rapid surface Li* absorption and ultrafast Li* diffusion and electron
transport, thus making the doped materials superior to those of pristine chemically
derived graphene and other carbonaceous materials [104].

It is apparent that current research utilising graphene as a Li-ion storage device
indicates it to be beneficial over graphite based electrodes, exhibiting improved
cyclic performances and higher capacitance for applications within Li-ion bat-
teries, particularly when utilised as the basis of a hybrid/composite material and
when utilising modified graphene structures.
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4.2.3 Energy Generation

In contrast to the above sub-sections which consider energy storage, graphene has
been reported to be beneficially utilised in the production of energy, such as in the
use of fuel cells. There are many assortments of fuel cells, however they all work
in the same general manner, converting chemical energy from a fuel into elec-
tricity, and they generally consist of the same components (an anode, a cathode
and an electrolyte) [51]. Fuel cells are mainly classified by the type of electrolyte
they use, however, with respect to the utilisation of graphene to enhance the given
performance of specific fuel cells, the main requirements of a suitable catalyst
support for favourable use in fuel cells are as follows: a high surface area, to obtain
high metal dispersion; suitable porosity, to potentially boost gas flow/electrode
accessibility; a high electrical conductivity; a widely applicable electro-catalytic
activity; a high long-term stability under fuel cell operational conditions; and low
production costs [105]. Table 4.5 provides a non-exhaustive overview of the
various fuel cell devices that have been fabricated through the incorporation of
graphene based materials.

In proton exchange membrane fuel cells (PEMFCs) platinum (Pt) based electro-
catalysts are still widely utilised as anode and cathode electro-catalysts for
hydrogen oxidation and for oxygen reduction reactions (ORRs) respectively. Work
by Jafri et al. [108] utilised GNSs and nitrogen doped-GNSs as catalyst supports
for Pt nanoparticles towards the ORR in PEMFCs, where the constructed fuel cells
exhibited the power densities of 440 and 390 mW cm ™2 for nitrogen doped-GNS-
Pt and GNS-Pt respectively [108]. It is clear that the nitrogen doped device
exhibited an enhanced performance, with improvements attributed to the process
of nitrogen doping which created pyrrolic nitrogen defects that acted as anchoring
sites for the deposition of Pt nanoparticles, and is also likely due to increased
electrical conductivity and/or improved carbon-catalyst binding [108]. However,
in contrast, earlier work by Zhang et al. [110] demonstrated that the fabrication of
low-cost graphite sub-micron-particles (GSP) can be employed as a possible
support for polymer electrolyte membrane (PEM) fuel cells, where Pt nanoparti-
cles were deposited on GSP in addition to carbon black and CNT alternatives via
an ethylene glycol reduction method. It was demonstrated that the Pt/GSP
exhibited the highest electro-catalytic activity towards the ORR, and a durability
study indicated the Pt/GSP was 2-3 times more durable than the CNT and carbon
black alternatives [110]. It is evident however, that a graphene alternative should
also have been incorporated into the control experiments in this work. Note that
other work has reported that nitrogen-doped graphene can act as a metal-free
electrode with a greatly enhanced electro-catalytic activity, long-term operation
stability, and tolerance to crossover effect than Pt alternatives for the ORR via a
four-electron pathway in alkaline solutions, producing water as a product [111].
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Fig. 4.23 The voltammetric responses of the oxidation of 0.5 M methanol in a 0.5 M H,SO,
aqueous solution at the Pt-Ni catalyst with a Pt/Ni molar ratio of 1:1 supported on graphene (a),
SWNTs (b), and XC-72 carbon (c). The scan rate was 50 mV s~ '. The inset compares the starting
potential for the oxidation of methanol at the Pt-Ni catalyst with a Pt/Ni molar ratio of 1:1
supported on graphene (a), SWNTs (b), and XC-72 carbon (c), respectively. Reproduced from
Ref. [115] with permission from Elsevier

Direct methanol fuel cells have drawn great attention recently due to their high
energy density, low pollutant emission, ease of handling (the liquid ‘fuel’), and
low operating temperatures (60—100 °C), however, the reported low electro-cat-
alytic activity of present electrode materials towards methanol oxidation is hin-
dering exploitation [112]. Graphene has been reported to enhance electro-catalytic
activity of catalysts for fuel cell applications, in-particularly Xin et al. [112] have
demonstrated that the utilisation of a platinum/GNS (Pt/GNS) catalyst revealed a
high catalytic activity for both methanol oxidation and the ORR when compared to
Pt supported on carbon black. Pt nanoparticles were deposited onto GNS via
synchronous reduction of H,PtClg and GO suspensions using NaBH, with their
results indicating that the current density of the Pt/GNS catalyst (182.6 mA mg™")
outperforms the response of Pt/carbon black (77.9 mA mg™') towards the elec-
trochemical oxidation of methanol. However, it was noted that prior heat treatment
of the Pt/GNS catalyst improved the performance further by ~ 3.5 times over that
of the Pt/carbon black response; a response supported by previous literature. [112,
113] Moreover, work by Dong et al. [114] has demonstrated that Pt and Pt-Ru
nanoparticles synthesised onto GNSs exhibit high electro-catalytic activity
towards methanol and ethanol when contrasted against graphite alternatives,
leading to a greatly reduced over-potentials and increased reversibility, thus these
findings favour the routine use of graphene sheets as catalyst supports for both
direct methanol and ethanol fuel cells [114].

Exceptionally fascinating work (exploring the oxidation of methanol for use
within fuel cells) investigated the structure, composition and morphology of
support materials, which were found to significantly affect the catalytic charac-
teristics of Pt-based nanocatalysts [115]. Considering the effects of different car-
bon supports of graphene (produced via chemical reduction of GO), SWCNTs and
Vulcan XC-72 carbon upon the electrocatalytic characteristics of the
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Fig. 4.24 A schematic representation of the fabricated anode consisting of bacteria growth onto
a graphene sheet that has been electrochemically deposited onto a carbon cloth for use within
MEFCs (left), and the comparative output performances of the unmodified carbon cloth versus the
graphene modified cloth (right). Reproduced from Ref. [118] with permission from Elsevier

nanocatalysts, as is evident in Fig. 4.23, the results demonstrate that the graphene-
supported Pt-Ni catalyst has the highest electro-catalytic activity of the three
carbon materials tested. This improved response at graphene was attributed to arise
due to the oxygen-containing groups on the graphene surface, which can remove
the poisoned intermediates and improve the electro-catalytic activity of the cata-
lysts [115]. Further work considering the effects of graphene structure has been
indicated that a vertically aligned, few-layer graphene electrode (with Pt nano-
particle deposits) exhibits a high resistance to carbon monoxide poisoning (and
consequential deterioration in performance) when compared to commercially
available alternatives [116].

As demonstrated above, GNSs are a good candidate for use as a supporting
material in high-loading metal catalysts for potential applications in the fabrication
of high-energy ‘greener’ solutions to current issues surrounding fuel cells; we
expect the fundamental processes to be determined for metal immobilisation onto
graphene, which is currently still not fully understood.

Other useful energy generation devices, which are not widely reported, are
graphene derived Microbial Fuel Cells (MFCs) which offer a great opportunity to a
obtain cleaner, more sustainable energy source [117]. Acting like bioreactors,
MFCs generate electricity utilising the metabolic activity of microorganisms
(bacteria) to decompose organic substances; such as their utilisation of waste
products whilst efficiently generating electricity in order to meet increasing
demands [117]. However, the practical applications of conventional MFCs are
limited due to their relatively low power density and poor energy conversion
efficiency, which results from sluggish electron transfer between the bacteria and
the electrode [118].
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Efforts are devoted to try and improve the electron transfer rate at the bacteria |
electrode interface. For example Zhang et al. [107] has shown that the perfor-
mance of a MFC based on Escherichia coli can be greatly enhanced (towards
glucose) by utilising a graphene modified anode material. The authors modified a
stainless steel mesh (SSM) with reduced graphene oxide and investigated its
performance against a bare SSM and a polytetrafluoroethylene (PTFE) modified
SSM (PMS), where the graphene modified SSM (GMS) exhibited an enhanced
electrochemical performance and additionally a MFC equipped with a GMS anode
delivered a maximum power density of 2,668 mW m™2 (which was 18 times larger
than that obtained when using the bare SSM (142 mW m™?) and 17 times larger
than when utilising the PMS anode (159 mW m~2)) [107]. The enhanced per-
formance of the GMS anode was attributed to graphene’s high specific surface area
and rough/flexible texture (as opposed to the SSM’s and the PMS’s relatively
smooth surfaces) which promotes bacteria adhesion onto the anode surface and
thus plays a key role in improving electron transfer and power output [107].

In other work Liu et al. demonstrated that an improved power density and
energy conversion efficiency (of up to 2.7 and 3.0 times respectively, in com-
parison to the bare alternative) can be obtained by electrochemically depositing
graphene onto a carbon cloth to fabricate an anode for a Pseudomonas aeruginosa
mediator-less MFC [118]. A schematic representation of the fabricated electrode
and the comparison of cell output are depicted in Fig. 4.24. Improvements in the
response were attributed to be due to the high biocompatibility of graphene which
promotes bacteria growth upon the electrode surface, resulting in the creation of
more direct electron transfer activation centres and in this case stimulates excre-
tion of mediating molecules for higher electron transfer rates to be realised [118].
In a further attempt to facilitate extracellular electron transfer in MFCs, work by
Yuan et al. [119] has exploited a one-pot method to produce microbially-reduced
graphene scaffolds. The authors added GO and acetate into a MFC in which GO is
microbially reduced, leading to the in situ construction of a bacteria/graphene
network on the anode surface [119]. Electrochemical measurements revealed that
the number of exoelectrogens involved in extracellular electron transfer (EET) to
the solid electrode increased due to the presence of graphene scaffolds, and the
EET was facilitated in terms of electron transfer kinetics [119]. As a result, the
maximum power density of the MFC was enhanced by 32 % (from 1,440 to
1,905 mW m~?) and the Coulombic efficiency was improved by 80 % (from 30 to
54 %). This work demonstrates that the construction of the bacteria/graphene
network is an effective method to improve the MFC performance.

It is clear from the above studies that low EET efficiency between the bacteria
and the anode often limits the practical applications of MFCs and another critical
challenge is to overcome the low bacterial loading capacities. Note that graphene
is hydrophobic and in order to try and improve bacteria adhesion and biofilm
formation the decoration of graphene surfaces with hydrophilic conducting poly-
mers (such as the use of polyaniline (PANI)) has been attempted [120].
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Last, enzymatic biofuel cells (EBFCs) possess the potential to be employed as
an ‘in-vivo’ power source for implantable medical devices such as pacemakers
[106]. The most striking feature of the EBFC is that they can utilise glucose or
other carbohydrates copiously present in the human body as a fuel. However,
EBFCs have major issues that need to be rectified, including low power densities
and poor stability. There are very few reports of EBFCs utilising graphene,
however, work is performed. One example by Liu et al. [106] concerned the use of
GNSs within the construction of membraneless EBFCs. The authors used graphene
to fabricate both the anode and cathode of a biofuel cell. The anode of the biofuel
cell consisted of a gold electrode on which the authors co-immobilised graphene
with glucose oxidase (GOx) using a silica sol-gel matrix while the cathode was
constructed in the same manner except for the use of bilirubin oxidase (BOD) as
the cathodic enzyme [106]. Voltammetric measurements were conducted to
quantitatively evaluate the suitability and power output of employing a GNS as an
electrode dopant and its performance was compared with a similar EBFC system
constructed using SWCNTs. The maximum power density of the graphene based
biofuel cell was shown to be 24.3 + 4 pW at 0.38 V (load 15 kQ), which is nearly
two times greater than that of the SWCNTs EBFC (7.8 = 1.1 pyW at 0.25 V (load
15 kQ)) and the maximum current density of the graphene based EBFC was found
to be 156.6 £ 25 pA cm72, while for the SWCNT based EBFC is was
86.8 + 13 pA cm 2. To evaluate the stability of the graphene based EBFC the
system was stored in pH 7.4 phosphate buffer solution at 4 °C and tested every day
with a 15 kQ external load, where after the first 24 h it had lost 6.2 % of its
original power output. Later, the power output was found to decay slowly and
became 50 % of its original power output after 7 days; which is substantially
longer than other EBFC devices, and outperforms the SWCNT based EBFC [106].
The authors stated that the enhanced performance was based upon the larger
surface area of graphene in comparison to SWCNTs, in addition to graphenes
greater sp character than other materials within its field (responsible for shuttling
the electrons and assisting in the better performance of the EBFC) and the larger
number of dislocations and electro-active functional groups present in graphene.
Other work by Devadas and co-workers demonstrated the construction of a glu-
cose/O, EBFC using an electrochemically reduced GO-MWCNT (ERGO-
MWCNT) modified GC electrode as anode and a graphene-Pt composite modified
GC electrode as a cathode [121]. The device achieved a maximum power density
of 46 uW cmfz, which, although this is lower than that obtained in the above
work, compares well to a value of 57.8 uW cm ™2 which was obtained at an
alternative graphene based glucose/O, EBFC [122]. Although this is a relatively
new area of graphene research, the reports highlighted above do show that
graphene based composites are potential candidates for use in the development of
efficient EBFCs of the future; we expect this field in-particular to be extended
further.
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4.3 Graphene: Final Thoughts

Throughout this chapter we have critically summarised the abundant literature
concerning the use of graphene based materials in numerous electrochemical
applications. We have aimed to provide useful insights into the core experimental
issues facing graphene exploration. Resultantly, we have highlighted key works
from which lessons can be learnt and the appropriate knowledge (and tools)
gained, so that readers of this book are able to perform their own ‘thorough’
experiments and in doing so can contribute to the ever expanding graphene
knowledgebase. Various ‘key’ experimental tips for the budding graphene
experimentalist are listed in Appendix C.

In terms of the reported beneficial application of graphene and graphene based
devices throughout the literature, we have allowed readers to make their own mind
up on whether graphene has revolutionised these fields. One sentiment however is
clear, although there are many outstanding properties of graphene which are due to
the low proportion of defects across the graphene surface, nano-engineering of
graphene based devices is often necessary to introduce structural confirmations,
defects or specific impurities/composite materials that allow the desired func-
tionality and electronic structures to give rise to useful electrochemical activity. As
new routes to fabricate or modify graphene are produced and the array of graphene
based structures available to experimentalists continues to evolve, in terms of
electrochemistry, the next generation of graphene based devices will continue to
emerge.

A report on 10th December 1991 concerned a debate on the future of buckyballs (Cgp) in
the House of Lords, initiated by Lord Errol of Hale who asked Her Majesty’s Government:
‘What steps they are taking to encourage the use of buckminsterfullerene in science and
industry? The debate rambled on for some time, amid growing confusion, until Baroness
Seear felt it incumbent upon herself to ask, perplexedly, ‘My Lords, forgive my ignorance,
but can the noble lord say whether this thing is animal, vegetable or mineral? Lord Reay
provided an eloquent explanation, describing the football-like shape and constitution of
this molecule ‘known to chemists as Cgy’. His response, however, had Lord Renton
baffled: ‘My Lords, is it the shape of a rugger football or a soccer football?’, he enquired.

And so the debate went on, until at last Lord Campbell of Alloway ventured to ask that
all-important question: ‘My Lords, what does it do?’, to which Lord Reay responded ‘My
Lord, it is thought it may have several possible uses: for batteries; as a lubricant; or as a
semi-conductor. All that is speculation. It may turn out to have no uses at all’. At that, Earl
Russell finally had the last word:

‘My Lords, can one say that it does nothing in particular and does it very well’.

Source: Designs on Cgo; Chemistry World, September issue, 1996.
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Appendix A
A Letter to the Nobel Committee

The letter to the Nobel Committee below was written in response to the ‘Scientific
Background’ document issued by the Nobel Committee in support of the 2010
Nobel Prize in Physics being awarded jointly to Geim and Novoselov “for
groundbreaking experiments regarding the two-dimensional material graphene”
(an updated version of the ‘Scientific Background’ document can be found at
Ref. [1]). The letter has been reproduced in full from Ref. [2] for scientific clarity.

Letter from Walt de Heer

November 17, 2010
To: The Nobel Committee,
Class for Physics of the Royal Swedish Academy of Sciences

The Nobel Prize in Physics is the most prestigious scientific achievement
award and it is expected that the award be based on diligent and independent
investigations. The scientific background document published by the Class
for Physics of the Royal Swedish Academy of Sciences that accompanies the
2010 Nobel Prize in Physics is considered to reflect this process and it is
therefore presumed to be accurate. I am recognized to be an authoritative
source in the research area of the 2010 Nobel Prize in Physics. I can attest to
the fact that this document contains serious inaccuracies and inconsistencies,
so that the document presents a distorted picture that will be echoed in the
community at large if the errors remain uncorrected. I list below several of
the more serious errors with suggested changes.

1. Figure 3.3 is a reproduction of a figure in Novoselov et al.’s 2004 paper
[1]. The figure caption incorrectly states the measurements were made on
graphene (a single layer of carbon). The 2004 caption states that the
measurement was performed on a FLG sample (i.e. ultrathin graphite
composed of several graphene layers). In fact Noveoselov’s 2004 paper

D. A. C. Brownson and C. E. Banks, The Handbook of Graphene Electrochemistry, 177
DOI: 10.1007/978-1-4471-6428-9, © Springer-Verlag London Ltd. 2014
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does not report any electronic transport measurements on graphene. The
band-structure figure accompanying this figure represents graphite and
not graphene and the magnetoresistance measurements are explicitly
graphitic. The Manchester group published graphene transport measure-
ments in 2005 [2]. Please note also, that the right panel of Fig. 4.4 is
incorrectly labelled and ambiguously credited.

2. Page 2 states: “It should be mentioned that graphene-like structures were
already known of in the 1960s but there were experimental difficulties
[13—16] and there were doubts that this was practically possible.” The
references all relate to graphene under various conditions. None of the
references discuss experimental difficulties nor do they express doubts
about the practical possibility (to produce) graphene. For example the
respected graphite scientist, H-P Boehm, who later coined the name
“graphene”, published his 1962 observations of graphene in a most highly
regarded journal (Ref. [13]) and demonstrated beyond reasonable doubt
the existence of freestanding graphene. He certainly showed that the
existence of graphene was practically possible. The Nobel committee cites
this work and then contradicts its main conclusion without explanation.
Boehm’s work has stood the test of time and has been reproduced by
others. References [14—-16] demonstrate that besides freestanding
graphene, other forms of graphene are also practically possible. The
document must explain how it arrives at the opposite conclusion or replace
the sentence with, for example: “It should be mentioned that graphene
structures were already known of before 2004 [13-16]”.

3. Page 1 states: “It was well known that graphite consists of hexagonal
carbon sheets that are stacked on top of each other, but it was believed
that a single such sheet could not be produced in isolated form. lIt,
therefore, came as a surprise to the physics community when in 2004,
Konstantin Novoselov, Andre Geim and their collaborators [1] showed
that such a single layer could be isolated and that it was stable.” This
critically important assertion is repeated several times in the document
without justification. In fact, the (chemical) stability of graphene did not
come as a surprise, even for those who were unaware of Boehm’s
experiments. Despite Novoselov et al.’s claim in Ref. [1], the chemical
stability of graphene did not violate any physical principle and its
existence was not doubted in any research paper. Graphene had
previously been observed and characterized as a two-dimensional
crystal by several research groups [4]. Careful reading of Ref. [1]
suggests that Novoselov et al. had confused highly stable covalently
bonded two-dimensional macromolecules (like micron-sized graphene
flakes), with chemically unstable freestanding two dimensional metal
crystals, causing them to presume that theoretically graphene should also
be chemically unstable. None of the references cited in Ref. [1] questions
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the existence of graphene in any circumstance, contradicting the
statement in the document that its observation ‘came as a complete
surprise’. On the contrary, several references cited in Ref. [1] actually
show images of graphene under various conditions. Had graphene’s
existence in any form truly violated accepted physical principles, then its
observation would have resulted in a flurry of activity to explain the
discrepancy. In reality, Ref. [1] did not give rise to a single paper re-
examining the chemical stability of isolated graphene.

The document must satisfactorily justify the controversial statement
quoted above which certainly does not reflect the consensus opinion of
experts in the field and it is overwhelmingly contradicted by facts as
pointed out in item 2, above. The sentence might be replaced with “Ir was
well known that graphite consists of hexagonal carbon sheets that are
stacked on top of each other and researchers were developing methods to
deposit single sheets on substrates. In 2005, Konstantin Novoselov, Andre
Geim and their collaborators demonstrated a simple method to deposit
and to identify a single graphene sheet on an oxidized silicon carbide
wafer [2]” with a reference to their 2005 PNAS article [2], and not their
2004 Science article Ref. [1], as explained in item 5.

4. Page 7 states: The mobility of graphene is very high which makes the
material very interesting for electronic high frequency applications [37].
Recently it has become possible to fabricate large sheets of graphene.
Using near-industrial methods, sheets with a width of 70 cm have been
produced [38, 39].

Geim and Novoselov’s method obviously cannot be used for electronic
applications; for such purposes, other, previously established graphene
production methods are used. The large graphene sheets were made by a
CVD method (first described in the 1990s) developed by Ruoff et al. The
first actual high frequency transistors were made with epitaxial graphene
on silicon carbide at Hughes Research Laboratories in 2009 and at IBM in
2010 using concepts and methods (first described in the 1970s) developed
by de Heer et al. [3] Earlier in the document, epitaxial graphene is referred
to as “carbon layers” on silicon carbide as if it were somehow different
than graphene. Well before 2004, epitaxial graphene on silicon carbide had
been described as a 2-dimensional crystal that is free floating above the
substrate (cf. Ref. [15] of the document). It has been shown to exhibit
every essential graphene property and photoemission measurements have
become icons for graphene’s band structure. De Heer’s research preceded,
and, most importantly, developed entirely independently from Geim and
Novoselov’s research. (In 2004 he performed the first graphene transport
measurements: the incorrect thickness measurement in Ref. [3]a was
corrected in Ref. [3]b.) The document gives the impression that de Heer’s
research on graphene based electronics (initiated in 2001) was contingent,
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stimulated or in some other way motivated by Geim and Novoselov. This
is not the case, and the document should clarify this.

5. The Summary paragraph, page 7 states: The development of this new
material opens new exciting possibilities. It is the first crystalline 2D-
material and it has unique properties, which makes it interesting both for
fundamental science and for future applications. The breakthrough was
done by Geim, Novoselov and their co-workers; it was their paper from
2004 which ignited the development. For this they are awarded the Nobel
Prize in Physics 2010.

Geim and Novoselov developed a very simple method to produce and
observe microscopic graphene slivers on oxidized, degenerately doped
silicon wafers. This method was copied by many and provides an ideal
method to produce graphene samples for two-dimensional transport
studies. The development of this experimental technique was very
important for the field of mesoscopic physics, and as pointed out in the
document, this was Geim and Novoselov’s most important contribution.

However this method and its application to graphene by Novoselov
et al. was not reported in 2004 [1] but in 2005 [2]. In Ref. [1] the ultrathin
graphite flakes (FLG) whose transport properties were measured, were
produced by a more cumbersome method that certainly would not have
attracted so much attention [cf. supporting on-line material for Ref. [1]. In
fact Ref. [1] does not report measurements nor characterization of
graphene: instead, it presents evidence of a microscopic sliver of
graphene protruding from an ultrathin graphitic flake, not unlike those
observed earlier by others (i.e. Shioyama op. cit. Ref. [1]). It is relevant
that Ref. [1] is often wrongly cited for “the discovery of graphene” and
for the “Scotch tape method”, even by the authors of Ref. [1]. This
misrepresentation of Ref. [1] should be corrected in the document.

Further note that de facto isolated graphene had been identified and
characterized as a 2D-crystalline material in many reports prior to 2004
(see for example [4] for a review). The characterization of graphene as a
new 2D material is incorrect. This might be corrected in the document
along the lines of the second paragraph in this item.

The authors of the Scientific Background document misquoted essential
facts pertaining to Ref. [1]. An independent review of this document would
be helpful to assure that the statements are clear, unambiguous, and factually
correct.

We hope that the committee reviews these facts, corrects and publishes an
erratum to the scientific background document so that it rises to the exacting
standards expected of it.
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Sincerely yours,

A e e

Walt de Heer
Regents Professor of Physics
Georgia Institute of Technology
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3. a. C. Berger et al., Ultrathin epitaxial graphite: 2D electron gas properties
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92 (2007)
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Appendix B
Useful Concepts for Data Analysis

In analytical chemistry, and indeed electroanalysis, a calibration curve is produced
so that analysts can determine how their system responds towards the target analyte
under investigation. In-particular the calibration curve gives the electrochemist a
benchmark of their electroanalytical system, such as a graphene modified electrode
towards sensing analyte X.

Shown in Fig. B.1 is a typical calibration curve which is made by recording the
signal output of a piece of apparatus after presenting different concentrations of the
target analyte X to the system, which is electrochemical in this case. This is
usually achieved by preparing a solution and running the response in absence of
analyte X (termed “blank™), after which additions of analyte X are made into the
solution to produce a final concentration of analyte X (carefully taking into
account the dilution factor) from a concentrated stock solution. Additions are made
in order to deduce the response (or sensitivity) of the system/electrode
configuration. Experimentalists should note that calibrated micropipettes should
be utilised along with high quality grade solutions with the stock solution having
analyte X dissolved in the same solution as one is adding to, i.e. same buffer
solution/composition to avoid any misinterpretations such as might be observed
from simple pH changes.

As noted above Fig. B.1 shows a typical calibration curve, however it also
highlights upon this calibration curve the dynamic linear range. The data (the
increasing concentrations of the analyte and the instrument response) can be fit to a
line of best fit (using the linear portion only) using linear regression analysis. This
yields a model described by the equation y = ¢g; x + gy, where y is the
electrochemical response, g; represents the sensitivity (gradient of the slope), and
qo is a constant that describes the background/blank response which has a
contribution from non-Faradaic processes.

When constructing a calibration plot, the approach should be repeated to obtain
statistically meaningful data. Reporting the analytical performance based upon one
calibration plot is unprofessional and not realistic of the electroanalytical system
being developed; yet such practices still carry on within the literature. Note that
the approach above will determine the intra-electrochemical response since the
same electrode is being used, where ideally the infer-electrochemical response
should also be explored. Useful definitions are as follows.

D. A. C. Brownson and C. E. Banks, The Handbook of Graphene Electrochemistry, 183
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Fig. B.1 Typical calibration A
plot highlighting the dynamic
range and other pertinent
analytically useful parameters
that are used to benchmark
(electro) analytical systems

ESIope.?Sensitivity

Electrochemical Signal

[=]
Y

Dynamic Range

Concentration of Analyte X

Intra-electrochemical response:

This is also known as repeatability i.e. the ability to repeat the same procedure
with the same analyst, using the same reagent and equipment in a short interval of
time, e.g. using the same electrode with measurements made within a day and
obtaining similar results.

Inter-electrochemical response:

The ability to repeat the same method under different conditions, e.g. change of
analyst, reagent, or equipment; or on subsequent occasions, e.g. change of
electrode, measurements recorded over several weeks or months, this is covered by
the ‘between batch’ precision or reproducibility, also known as inter-assay
precision.

Note that in addition to the above, the electrode response (i.e. calibration plot)
should be obtained for each of the following scenarios: (i) without polishing during
the measurements, when using a solid electrode such as a GC electrode; (ii)
polishing between measurements, again when using solid electrodes; and (iii) a
new electrode for each measurement, as is possible when using SPEs.

B.1 Mean/Average and Standard Deviation

The sample mean, ¥, is defined as the mean or average of a limited number of
samples drawn from a population of experimental data, as defined by:

D%
i
N

X =

(B.1)

where ¥ is defined as the value of an individual experimental value, Y x; is the sum of
i

all the experimental values, and N is the number of experimental values used. Standard
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Fig. B.2 The normal curve of error: the Gaussian distribution plotted in units of the standard
deviation ¢ with its origin at the mean value p showing the percentage of values lying between
u—no and u+ no where p(n) is the probability density function. In this example, the area
under the curve is 1; half the area falls between p = +0.67

deviation, s, is used as a measure of precision which describes how two or more
numbers are in agreement if the exact same method or procedure is used and is given by:

The above equation assumes the errors can be equally positive or negative relative
to the mean value and if this is the case, there are no systematic errors, then x is
equal to the mean of the normal or Gaussian distribution. The Gaussian
distribution is shown in Fig. B.2 with mean, u and the standard deviation, o:
68.3 % of the measured values lie between y — ¢ and u + o, while 95.6 % lie
between p — 20 and p + 20, while 99.7 % are between p — 3¢ and p + 36. This is
the basis of the confidence internals and confidence limits.

B.2 Reproducibility

The reproducibility of a method is of prime interest to the analyst since this will
give a better representation of the precision achieved during routine use as it
includes the variability from a greater number of sources. The precision is a
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measure of random error and is defined as the agreement between replicate
measurements of the same sample. It is expressed as the percentage coefficient of
variance (%CV) or Percentage Relative Standard Deviation (%RSD) of the
replicate measurements, defined as:

%CV/%RSD = (standard deviation/mean) x 100 (B.3)

B.3 Limit of Detection (LOD) and Limit of Quantification (LOQ)

As part of any analytical laboratory, internal quality control involves calibration
and validation of working practices with the limit of detection and limit of
quantification routinely performed. In terms of Fig. B.1, the detection limit is a
useful analytical and electroanalytical parameter to benchmark the developed
electrochemical system against other literature reports. Its definition however is
not very straight forward. The IUPAC definition, as given in the Gold Book, is as
follows [3]:

“The minimum single result which, with a stated probability, can be
distinguished from a suitable blank value. The limit defines the point at which
the analysis becomes possible and this may be different from the lower limit of the
determinable analytical range. The limit of detection is expressed as the
concentration, ci, or the quantity, qi, derived from the smallest measure, xp,
that can be detected with reasonable certainty for a given analytical procedure, is
given by:

X[ = Xplank + KSbiank

where Xpjani i the mean of the blank value (analyte-free sample), Spiani is the
standard deviation of the blank, and k is a numerical factor chosen according to
the confidence (statistical) level desired.”

Ideally, the definition of the LOD and LOQ need to be relatively simple if it is
to be widely utilised. Unfortunately, this is not the case and there are considerable
efforts from the IUPAC in order to clarify this [4-6].

A common and widely used approach, still in use, is based on the [UPAC and
American Chemical Society definition, which uses the mean blank signal, y; as the
basis for the calculation of the signal LOD which is defined as:

LOD = (yp —¥g)/q1 = Kpss/q (B:4)

where ¥, is the signal value and y, is the mean blank signal, K, is the numerical
factor chosen according to the confidence (statistical) level desired. In terms of the
LOQ, the expression is:

LOQ = (vo —¥3) /01 = Kosv/a1 (B.5)
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Fig. B.3 An illustration of the two alternatives of the standard approach, the LOD and LOQ
calculation. Each calibration point represents an average of replicative measurements

where usually it is generally accepted that K, is equal to 3 while K, is equal to 10;
in academic papers where the LOD is reported using this approach, it is usually
referred to as simply 3-sigma.

The above approaches work through the use of calibration plots (see Fig. B.3)
where the measurement is performed enough times to be statistically relevant and
where the error of the line of best fit is used with the relevant equation, such that,
in the case of the LOD, LOD = 3s;,/q; can be readily deduced as shown in
Fig. B.3. Note that there are limitations where over- and under- estimation of the
LOD and LOQ can become possible using this approach and interested readers are
directed towards Ref. [4, 5]. Indeed, if the calibration plot is of high quality, s, will
be very small, leading to an extremely low detection limit being reported. In
practice, this will never be achieved due to the limitation in the experimental
procedure of the instrumentation (such as noise and drift at low signal levels and
so on) as well as chemical interferences, since typically the LOD and LOQ are
reported in model systems (buffer solutions only).
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Table B.1 Critical values for the rejection quotient, Q. iicas

Number of observations/number of data, N 90 % confidence 95 % confidence
3 0.941 0.970
4 0.765 0.829
5 0.642 0.710
6 0.560 0.625
7 0.507 0.568
8 0.468 0.526
9 0.437 0.493
10 0.412 0.466
11 0.392 0.444
12 0.376 0.426
13 0.361 0.140
14 0.349 0.396
15 0.338 0.384
16 0.329 0.374
17 0.320 0.365
18 0.313 0.356
19 0.306 0.349
20 0.300 0.342

B.4 Evaluating the Quantify of Sets of Data

Q-test:

In the development of an electroanalytical protocol, comparisons need to be made
with a well-established and accepted ‘accurate’ or ‘gold standard’ procedure. The
two important statistical analysis methods to allow such comparisons are the z-test
and F-test. Before the application of these, the Q-test needs to be performed, that
is, the obtained data should be tested for potential outliers (anomalies), which are
data values which appear to be unreasonably distant (or outlying) from the others
comprising the data set, and to do this objectively, involves the implementation of
the Q-test [5].

The Q-test allows the rejection of outliers from data by calculating, Q, defined
by:

(suspect value — nearest value)

0= (B.6)

(max.value — min.value)
From the experimentally obtained values, arrange the data in order of
increasing values and deduce Q from Eq. (B.6), then compare this with
tabulated Q.,isico; Values; Table B.1 displays critical values for confidence levels
of 90 and 95 %.
If the calculated Q value exceeds that of Q,.; then the suspect value is
rejected from the data set. As such, the rejected value will either be the maximum
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or the minimum values; if a value is rejected then the Q-test should be repeated
with the new smaller data set until no further data are removed. For further
information and larger tables of critical values see Refs. [7, 8].

t-test:

The t-test allows the comparison of the average/mean of two data sets and
compares the actual difference between two means in relation to the variation in
the data (expressed as the standard deviation of the difference between the means).
A good analogy for the r-test (also known as the student #-test) is as follows: if
there was quality control of dim sum being produced by two separate dim sum
chefs, a suitable hypothesis is that there are no differences in weight of the dim
sum produced between the two chefs; the student’s t-test' will allow one to deduce
from experimental data, for example by weighing a sample of the dim sum, if the
two data sets are consistent (in that the dim sum produced are essentially the same)
or depart significantly from ones expectation (such that the produced dim sum are
dramatically different and customers are either getting a great deal or a very bad
deal). We next consider the #-test in terms of data that will likely be generated in
the course of developing ones electrochemical protocol.

e Case 1: Comparison between an accepted value and an experimental data set

This type of scenario is used to compare an experimental mean with a value that is
obtained from a sample, where the value is certified through analytical means
known as a Certified Reference Material (CRM). CRMs are put through rigorous
testing procedures to validate accurate concentration levels and therefore there is a
high degree of confidence in these analytically determined concentrations. In order
to compare an experimental value with a CRM value to validate a method/
procedure, the following f-test is implemented.

Assuming a Gaussian distribution, such as that shown in Fig. B.2, the
percentage of the distribution lying between specified limits around the mean
value can be calculated; this is the width of the confidence interval corresponding
to that percentage for an infinite population (infinite number of degrees of
freedom). For a finite number of analyses, Eq. (B.7) describes the limits within
which the true mean must lie at a given confidence level with respect of the
experimental mean.

' W. S. Gosset, a Chemist (New College, Oxford) developed the #-test while working for the
Guinness brewery (Dublin, Ireland) after developing and applying it to monitor the quality of
stout. As Gosset was not allowed to publish the #-test by his employer, he used the pseudonym
“Student”, (publication: Student (1908a). The probable error of a mean. Biometrika, 6, 1-25 and
Student (1908b). Probable error of a correlation coefficient. Biometrika 6, 302-310) and hence
the student—z-test arises. Interested readers are directed to: Fisher Box, Joan (1987). “Guinness,
Gosset, Fisher, and Small Samples”. Statistical Science 2(1): 45-52 for a full history.
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Table B.2 The #-distribution; values of ¢ for selected confidential intervals (CI)

Confidence interval significance level, P 90 % CI 95 % CI
0.10 0.05
Degrees of freedom
1 6.314 12.706
2 2.920 4.303
3 2.353 3.182
4 2132 2.776
5 2.015 2.571
6 1.943 2.447
7 1.895 2.365
8 1.860 2.306
9 1.833 2.262
10 1.812 2.228
oo 1.645 1.960
VN

In order for there to be no significant difference:

ts
—X> — B.8
n=sz (B.8)
We can re-arrange Eq. (B.8) for convenience giving rise to:
N
+t=(x— u/— (B.9)
s

where u is the value of the certified reference material, ¢ is the student’s 7-value,
obtained for N—1 degrees of freedom, at a pre-selected confidence interval
(typically a 95 % confidence interval). The #-values are obtained from tables, such
as that presented in Table B.2. Values of ¢ are tabulated according to the number of
degrees of freedom, in the case (N—1) and depend on the number of analyses
performed and the confidence interval, i.e what percentage of the hypothetical
Gaussian distribution is to be included. Confidence levels are also presented as
probabilities, P, of differences being found, e.g. a confidence level of 95 %
corresponds to P = 0.05; an infinite number of degrees of freedom correspond
exactly to the Gaussian distribution.

Case 1 can be used to compare whether or not the data for the given
experimental method is considered reliable and valid in contrast to the CRM value.
In the case of experimentally obtained (electrochemical) data, following the
elimination of outliers using the Q-test (see above), the deduced mean value (¥)
and standard deviation (s) along with the CRM value (u) and the number of data
used (N) to deduce the mean value allows one to determine a value for ¢. One then
consults the 7-table (such as that presented in Table B.2) at the desired confidence
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internal and compares this to the deduced ¢ value. If the calculated 7-value is lower
than the tabulated ¢ value at the confidence internal, there is no statistical
difference; in this case the proposed/utilised electroanalytical method is considered
a valid experimental procedure. Conversely, if the calculated #-value is higher than
the tabulated ¢ value at the confidence internal, there is a statistical difference and
the proposed/utilised electroanalytical protocol is not a valid procedure.

* Case 2: Comparison of two experimental data sets: when the accepted value is
unknown

When the accepted value is unknown, a paired #-test is used to determine the
validity of the experimental number. Usually, a second mean is achieved using a
different instrument, another laboratory, or a secondary method within the same
laboratory or a different constructed electrode.

The degree of overlap between the two distributions is evaluated, i.e. if there
are significant differences between the data series at a specified level of
confidence; the t-test is then:

+1 = <(x_1;x_2)>m (B.10)

where X7 is the mean of one data set ¥, is the mean from the second data set and s,
is called the pooled standard deviation given by:

o simy — 1) +53(np — 1) + st (i — 1) (B.11)
’ no+ny.. g —k '

where the value of k is the number of experimental means used for comparison.
For example, if there are two sets of experimental means, then the value of k is 2.
F-test:

The F-test compares the precision of two sets of data via the following expression:

F= (B.12)

f/:|</z
ST N

where s5; > s,. The two sets of data do not have to be obtained from the identical
sample, so long as both samples are sufficiently similar such that any indeterminate
errors can be considered the same. An F-test can provide insights into two main
areas: (i) Is method A more precise than method B? and (ii) Is there a difference in
the precision of the two methods? To calculate an F-test, the standard deviation of
the method which is assumed to be more precise is placed in the denominator,
while the standard deviation of the method which is assumed to be least precise is
placed in the numerator. If the calculated F value is greater than a critical value
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Table B.3 Selected values of F at the 95 % confidence level (P = 0.05)

Degrees of freedom (Denominator) Degrees of freedom (Numerator)

2 3 4 5
2 19.00 19.16 19.25 19.30
3 9.55 9.28 9.12 9.01
4 6.94 6.59 6.39 6.26
5 5.79 5.41 5.19 5.05
oo 3.00 2.60 2.37 2.37

that is tabulated (Table B.3) for the chosen confidence level, then there is a
significant difference at the probability level: Table B.3 shows some values for the
F-test.

B.5 Recovery Tests

Such tests are performed in which a known amount of the analyte is added into a
sample matrix and the chosen analysis is then performed before and after addition
of the target analyte. Such recovery experiments can also be performed in control
(buffers) or simulated field (in the presence of potential or known interferents)
samples. The % recovery is given by:

% recovery = (Concentration found | Concentration added) x 100 (B.13)

B.6 Standard Additions

Comparison against calibration standards of known analyte content allows the
unknown analyte content in a sample to be deduced. When the matrix of the
samples requiring measurement affects the sensitivity of the measuring instrument,
standard addition calibration is typically employed. This is a widely accepted
analytical technique which has been devised to overcome a particular type of
matrix effect which could potentially give a biased result.

Figure B.4 shows a typical calibration plot performed in ‘Matrix A’ which is the
matrix used for calibration, as was shown in Fig. B.1 which is typically performed
in buffer solutions. Shown in Fig. B.4b is a rotational matrix effect which arises
when the analytical signal is affected by non-analyte constituents of the test
solution. Note that the size of such effect is proportional and hence is sometimes
called a ‘proportional’ effect where it changes the slope of the calibration but not
its intercept. Also shown in Fig. B.4a is the case of the translational effect which
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Fig. B.4 The effect of translational effects (a) and rotational effects (b) upon analytical response

arises from a signal produced by concomitant substances present in the test
solution and not by the analyte, and is independent of the concentration of the
analyte (often referred to as a background or baseline interference); [9, 10] note
that in this case the effect is such that the intercept is affected rather than the
gradient. Importantly, both interferences can have the same effect on the observed
signal (point X on Fig. B.5) and thus observations at more than one concentration
are required to distinguish between the two matrix effects. The inability to
distinguish between the two matrix effects can give rise to misleading results. Note
that the use of standard additions can correct rotational effects while translational
(if present) effects have to be separately eliminated or corrected, or again the
results are potentially biased.

There are two different ways to perform standard addition calibrations. The first
is known as the conventional standard addition calibration (C-SAC) which
compares the instrumental responses of several solutions in separate vessels
containing the same quantity of sample, but different quantities of calibration
standard and a blank, such that the volume in each vessel is fixed. The second is
the sequential standard addition calibration (S-SAC) which compares the
instrumental response from a quantity of sample in a single vessel to the
instrumental response following the addition of portions of calibration solution
into this same vessel, such that the volume considered in each measurement is not
fixed. Quantification in both cases is performed by extrapolation of the calibration
relationship produced to the intercept with the x-axis at zero analyte content,
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Fig. B.5 Different types of A
matrix effects on the observed
analytical signal. Matrix A is
the calibration matrix, while
Matrix B is a rotational effect
which changes the size of the
signal derived from the ana-
lyte but not the intercept. In
the case of Matrix C, the
intercept has been shifted by
a translational effect, but the
slope is unaffected. At point
X the two matrix effects have
the same outcome. Repro-
duced with permission from
Ref. [9]
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giving the content of the unknown directly (in the case of C-SAC) or indirectly (in
the case of S-SAC) [9, 10, 11]. Note that the most common approach is the second
approach due to its ease of experimental use. Figure B.6 shows a typical standard
addition plot.

Such an approach is justified if the analyst is sure that the analytical calibration
is linear over the relevant concentration range, since tests for non-linearity require a
large number of measurements to have a useful degree of statistical power [9, 10].

Interestingly Thompson [9, 10] points out that one can obtain better precision in
the estimation of the calibration slope if the measurements are confined to the ends
of the linear range as depicted in Fig. B.7. Following several measurements of the
response of the test solution and also of a single spiked solution, the best estimate
of the calibration function is simply the line joining the two mean results. This
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Fig. B.7 Standard additions
with the spike added. This
design provides a concentra-
tion ¢ estimate with a preci-
sion slightly better than the
equally spaced design

(Fig. B.6). Note N = 3 for
both “zero” and the concen-
tration (x) of analyte added
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procedure gives exactly the same response function as regression, either simple or
weighted. Additionally, this approach requires a smaller number of operations per
measurement result.

Thompson shows that poor results, in terms of precision and relative standard
deviation, will be obtained unless the concentration of the analyte is greater than
about 4 times the detection limit; indeed Thompson suggested that it would pay off
to always make the standard addition more than five times the analyte
concentration, as long as it is consistent with the liner range of the analytical
method [9, 10].

Last, Thompson’s recommendations for successfully performing standard
additions are as follows:

1. Make sure that the analytical method is effectively linear over the whole of the
required working range.

2. Make sure that any translational interference is eliminated separately.

3. Only one level of added analyte is necessary, with repeated measurements if
better precision is required.

4. Let the concentration of the added analyte be as high as is consistent with
linearity, and ideally at least five times the original concentration of analyte.

It is interesting to consider who first introduced the concept of standard
additions. Kelly et al. provide a useful, comical yet enlightening, overview of the
origin and history of the standard addition protocol [12].

It is commonly accepted that Chow and Thompson [13] first described the
standard addition protocol, and their work is frequently cited as such. However,
Campbell and Carl [14] had reported the first description of the standard addition
approach earlier, but their paper has received about half the citations of that of
Chow and Thompson. Kelly et al. [12] suggest that both groups were working
independently of each other and that the Chow and Thompson paper has been cited
more since they were the first to use the standard addition method to determine the
concentration of an analyte in a complex natural aqueous medium (and the
protocol is the most often used with aqueous solutions). Regardless of the subtle
difference between these papers, Kelly et al. [12] show that it was an
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Fig. B.8 The cover of Hohn’s book on polarography containing the first description of ‘The
Method of Standard Addition’. Reproduced with permission from Ref. [12]. Copyright Springer
Science and Business Media

electrochemist who actually invented the concept of standard additions! This work
was prior to that of both the papers of Chow and Thompson and Campbell and
Carl.

A lesser-known person, Hans Hohn, actually reported the first description of
standard additions; Fig. B.8 shows the cover of Hohn’s book on polarography [13].

Hans Hohn was a mining chemist (1906-1978) and was the first to document
the standard addition method in his 1937 book, which utilised polarography and
contains the details of 28 experiments followed by nine detailed examples of
polarographic analyses. Figure B.9 shows an original polarogram of an original
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Abb, 16, Bestimmung von Zink dureh Eichzusatz,
e Probe upd Grundlisups, b dieselbe Ldsung nach Eichzusatz.

Fig. B.9 Polagram of the zinc standard addition experiment originally from Ref. [15] where the
figure caption reads: Determination of Zinc by calibration (standard) addition. a unknown and
supporting electrolyte, b same solution after calibration addition. Reproduced with permission
from Ref. [12]. Copyright Springer Science and Business Media

solution, labelled ‘a’, containing know amounts of Cu, Ti, Zn and Mn. Following
additions of a known amount of Zn to the original solution, a second polarogram,
labelled ‘b’ is obtained. Note that the Zn response has increased while the others
are unchanged.

What follows is exceptionally intriguing. While Kelly et al. were researching
who actually was the first to report standard additions, they naturally wanted to
read the authoritative work of Hohn and through an inter-library loan, the authors
received a copy of the book, unexpectedly from the University of Washington (this
is the university where the authors Chow and Thompson reside) in Seattle. The
copy of Hohn’s book still retained the circulation card (this is stamped when you
take a book out from the library) inside the back cover and date-due slip; this is
shown in Fig. B.10.

It is clearly obvious from inspection of the circulation card (in Fig. B.10) that
Professor Thompson checked-out (borrowed) Hohn’s book on June 14, 1939 and
was sent a notice three months later on 15 September, 1939. Later, T. J. Chow also
checked-out Hohn’s book on 26 November, 1951. Clearly Thompson and Chow
had inspected Hohn’s book prior to their publication in Analytical Chemistry [13].
Clearly Chow and Thompson re-discovered/re-reported the standard addition
protocol, yet decided not to cite this seminal work. Kelly et al. carefully suggest
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Fig. B.10 Circulation card and date-due slip from the copy of Hohn’s book, obtained from the
library of the University of Washington. It clearly shows that Professor Thomas Thompson
borrowed (took-out) Hohn’s book from the library on June 14, 1939 and was subsequently sent a
notice three months later on 15 September, 1939. On November 26, 1951, Tsaihwa Chow also
borrowed Hohn’s book from the library. In 1952 they later published the standard addition
method as their own, which is commonly cited in the literature as the first description of the
standard addition method; see text for a full explanation. Reproduced with permission from
Ref. [12]. Copyright Springer Science and Business Media

that Chow and Thompson probably thought they had extended the method of
Hohn’s significantly that a citation was not necessary. Whatever the reason, the
story is highly fascinating.



Appendix C
Experimental Tips for the Graphene
Electrochemist

Below is a non-exhaustive list of tips and considerations that a ‘Graphene
Electrochemist’ should undertake during the course of their work.

Characterise your fabricated graphene appropriately, especially to confirm that
the material is indeed corresponding to the physicochemical characteristics of
graphene (TEM and Raman spectroscopy for instance), along with the reporting
the O/C ratio (XPS for example) and the presence (% quantity) or absence of
surface defects if possible.

Undertake appropriate control experiments using other carbon allotropes, such
as graphite, carbon black and amorphous carbon (as explored in energy related
areas). See for example Refs: [16-19]. The direct comparison of graphene
modified electrodes with edge plane and basal plane pyrolytic graphite
electrodes (EPPG and BPPG respectively) is particularly essential in order to
justify the benefits of graphene modified electrodes [16—18].

Consider the effect of surface coverage at modified electrodes; three zones (zone
I, II and III) can be encountered (see Chap. 3 and Ref. [17]) and it is important to
deduce which one you are in.

Explore the effect of the underlying/supporting electrode substrate; this will
affect how the graphene aligns (i.e. its orientation; also consider this factor
separately) and dictate the observed electrochemical response; see Chap. 3 [17].
Ensure that improvements observed in peak potentials (electron transfer
kinetics) from using graphene are not simply due to changes in mass-
transport, that is, giving rise to thin-layer type behaviour (zone Il — see Chaps. 2
and 3) [16, 17].

Perform control experiments with surfactant modified electrodes if your
graphene has been fabricated in the presence of such surfactants, or where
they are used to reduce coalescing [16, 20-22]. These controls should extend to
the solvents utilised where graphene is suspended in solution [16, 17, 22].
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e Consider the effect of impurities (metallic, carbonaceous, etc.) on the
electrochemical performance and perform the appropriate control experimental
[23, 24]. For example, metallic impurities might arise from using an impure
graphite starting material for producing graphene oxide and graphene from
reduced graphene oxide—such impurities can come from using low grade acid
that contains metals [25].

* Consider the effect that oxygenated species have on the electrochemical
response; the fabricated graphene may have specific surface groups present that
give rise to beneficial responses, rather than that of true graphene [16, 18].

« If using graphene for energy storage applications try and ensure that the selected
current densities (A/g) are the same as literature reports, this allows a direct
comparison of the energy storage (F/g) capabilities [26].

¢ In the case of CVD grown graphene that remains supported on the metal catalyst
(or in other instances where the graphene of interest is deposited onto an
electroactive support surface, as to electrically wire/connect to the graphene),
ensure that the underlying metal surface (usually nickel or copper) is not
accessible to the solution as this can give rise to misinterpretations of the
experimental data. Control experiments using the bare metal surface (or
unmodified alternative support surface) with the electrochemical species under
investigation should be performed [18, 23, 27].
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