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We report the fabrication, characterisation (SEM/EDX, TEM, XRD, XPS and Raman spectroscopy) and
electrochemical properties of graphite and graphene paste electrodes with varying lateral flake sizes. The
fabricated paste electrodes are electrochemically analysed using both outer-sphere and inner-sphere redox
probes, namely; hexaammineruthenium(i) chloride, N,N,N’,N’'-tetramethyl-p-phenylenediamine (TMPD),
potassium ferrocyanide(i) and ammonium ferrous(i) sulphate. Upon comparison of different graphite
paste electrodes, a clear correlation between the lateral flake sizes (L,), ranging from 1.5 mm-0.5 um,
and electrochemical activity (heterogeneous electron transfer (HET) kinetics) is evident, where an
improvement in the HET is observed at smaller lateral flake sizes. We infer that the beneficial response
evident when employing laterally smaller flakes is due to an increased number of edge plane like-sites/
defects available upon the electrode surface, facilitating electron transfer. Interestingly, given that the
overall lateral flake sizes of the graphenes utilised (10.0-1.3 um) were significantly smaller than those
studied previously, an improvement in HET kinetics was also evident with the reduction of lateral flake
size; the extent to which is redox-probe dependent. Improvements are observed up to a distinct point,
termed the ‘lateral size threshold’ (ca. <2 um) where the electrochemical reversible limit is approached.
Further support is provided from density functional theory (DFT), exploring the electronic structure
(i.,e. HOMO-LUMO) as a function of flake size, which demonstrates that the coverage of edge plane
like-sites/defects comprising the geometric structure of the relatively small graphene flakes is such that
effectively the entire flake has become electrochemically active. In this study, the importance of lateral
flake size with respect to electrochemical reactivity at carbon-based electrodes has been demonstrated
alongside a structural relationship upon HET performance, a phenomenon that has not previously been
described in the literature. Such work is both highly important and informative for the field of
electrochemistry and electrode performance, with potential implications in a plethora of areas, ranging
from novel renewable energy sources to electroanalytical sensing platforms.

Introduction

Carbon-based paste electrodes are widely utilised due to their
advantageous attributes, such as exhibiting large potential
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domains, low background currents, their ease of modification
and rapid surface regeneration.”” Recently, the use of graphitic
paste electrodes has been at the forefront of research innova-
tion given their universal requisition, combining the beneficial
properties of novel carbon-based materials (i.e. graphene/
graphite) with the significant benefits of paste electrodes. The study
of graphene, ‘a single carbon layer of the graphite structure’,>* is of
significant research interest due to its reported unique properties
and beneficial application in numerous fields.””” Graphene
is frequently employed in fundamental scientific studies to
gain an enhanced understanding of how graphitic structures
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perform and behave given that its structure is the quantum of
carbon electrodes (i.e. the minimalist structure) and investigations
upon its electrochemical properties have aided the exploration,
discovery and understanding of new carbon electrochemistry.*>™*

The surfaces of graphene and graphite are heterogeneous
(anisotropic) in nature, with the overall chemical and electro-
chemical reactivity differing greatly between two distinct struc-
tural contributions, namely the edge and basal planes, which
are fundamental to the behaviour of such electrodes.'>"
The current accepted understanding is that the predominate
origin of heterogeneous electron transfer (HET) kinetics on
such electrodes originates primarily from the reactivity of edge
plane like-sites/defects and that inversely, the basal planes are
effectively inert.>'>'*'® Interestingly, the majority of funda-
mental studies explore the electrochemical properties of such
distinct structural contributions via focusing particularly on the
orientation of highly ordered pyrolytic graphite (HOPG) or more
recently through the comparison of graphene’s layer numbers,
i.e. single- vs. quasi- vs. multi-layers.>%*>”

A key structural factor of graphitic flakes that may have been
overlooked is their intraplanar microcrystallic size (L,), i.e.
the lateral flake size. There is a notable lack of investigations
concerning the effects on the observed electrochemistry of
changing the lateral flake size at graphene/graphite electrodes
and thus, this is not fully understood to date. Evidently,
changing the lateral flake size of a graphene/graphite sheet
will in turn alter the relative structural contributions of edge/
basal plane sites and thus the ‘edge-to-basal plane ratio’ of the
material. Hence, the former will offer insights into the distinct
electrochemical HET properties of edge and basal plane structures,
as the flake size is altered along with the critical ratio/structural
contributions. It is this important gap in knowledge that is
addressed in this paper; the understanding of which will contribute
towards the fundamental knowledge of these materials.

A major issue in graphene/graphite research, particularly in
electrochemistry, is how to connect to (and electrically wire)
graphene in order to explore its fundamental properties in a
stringent and controlled/reproducible manner.>'®'® The most
common approach when utilising graphene is to immobilise it
upon a suitable electrode surface and average the response
over the graphene domains present. However, modifying such
surfaces has the potential to leave underlying ‘reactive’ surfaces
exposed, potentially interfering with the reported electrochemical
reactivity.® To overcome this issue, researchers have recently turned
to fabricating three-dimensional graphene architectures,?>*
or utilising graphene paste electrodes comprised primarily of
the material in question.>**™® In this latter case, with respect
to observing the effects of altering graphene/graphite lateral
flake size on the electrochemical properties, utilising the paste
electrode set-up enables the reproducible electrical wiring of
graphitic electrode materials in order to acquire electrochemical
readings, whilst maintaining stringent/diligent controls and
limiting other variable factors.

Given the above insights, in this paper, we report the fabrica-
tion, physicochemical characterisation and electrochemical perfor-
mance of graphite and graphene paste electrodes with varying
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lateral flake sizes. Four graphite and five graphene powders
with varying lateral flake sizes, ranging from ca. 1.5 mm to
0.5 um were selected in order to establish if the difference in
lateral flake size, L,, and therefore the edge plane density of the
electrode surface, has an effect upon the electrode’s electro-
chemical behaviour/properties. We utilise density functional
theory (DFT) calculations to confirm the experimental observa-
tions and reveal fundamental knowledge based upon these
unique electrodes, demonstrating a structural relationship with
respect to the geometrical contributions (i.e. edge and basal
ratios) of graphitic materials and their electrochemical proper-
ties/performance.

Experimental section

All chemicals (of analytical grade or higher) were used as
received from Sigma-Aldrich (UK) without any further purifica-
tion. All solutions were prepared with deionised water of
resistivity not less than 18.2 MQ cm and were vigorously
degassed prior to electrochemical measurements with high-
purity, oxygen-free nitrogen. The redox probes utilised were as
follows: hexaammineruthenium(m) chloride; potassium ferro-
cyanide(n); and N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD),
which (unless otherwise stated) were prepared separately in
solution at a concentration of 1 mM with 0.1 M KCI supporting
electrolyte. Conversely, ammonium ferrous(u) sulphate was
solubilised at 1 mM in 0.2 M perchloric acid.

Voltammetric measurements were performed using an ‘Autolab
PGSTAT 101’ (Metrohm Autolab, The Netherlands) potentiostat
and data was controlled (generated and collected) using the
software NOVA (Version 2.0). All measurements were conducted
using a three-electrode system. The working electrode was either
a graphene or graphite paste electrode (see below), with a
platinum wire and saturated calomel electrode (SCE) employed
as the counter/auxiliary and reference electrodes respectively.
Note that where voltammetric scan rate studies are employed,
the following increments were utilised within the specific ranges
stated; 5, 10, 15, 25, 50, 75, 100, 150, 250 and 500 mV s~ .

For scanning electron microscope energy-dispersive X-ray
microanalysis (SEM-EDX), transmission electron microscopy
(TEM), X-ray diffraction (XRD), X-ray photoelectron spectro-
scopy (XPS) and Raman spectroscopy analysis, the respective
powders were used as received from the supplier without any
modifications. SEM images and surface element analysis were
obtained using a JEOL JSM-5600LV model SEM, which was also
equipped with an EDX microanalysis package. TEM images
were obtained with a JEOL JEM-2010 (Oxford, Inca Energy TEM
100, UK). XRD was performed using an “X’pert powder PANalytical
model” with a copper source of K, radiation (of 1.54 A) and K
radiation (of 1.39 A), using a thin sheet of nickel with an
absorption edge of 1.49 A to absorb Ky radiation. XPS data
was acquired using a bespoke ultra-high vacuum system fitted with
a Specs GmbH Focus 500 monochromated Al Ko X-ray source,
Specs GmbH Phoibos 150 mm mean radius hemispherical analyser
with 9-channeltron detection, and a Specs GmbH FG20 charge
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neutralising electron gun (XPS, K-Alpha, Thermo Scientific UK).
All spectra were collected using Al-K radiation (1486.6 eV)
monochromatized by a twin crystal monochromator, yielding a
focused X-ray spot with a diameter of 400 um, at 3 mA x 12 kVv.
The alpha hemispherical analyser was operated in the constant
energy mode with survey scan pass energies of 200 eV to measure
the whole energy band and 50 €V in a narrow scan to selectively
measure the particular elements. Thus, XPS provided the chemical
bonding states as well as the elemental composition of the
graphene/graphite powders analysed. Charge compensation was
achieved with the system flood gun that provides low energy
electrons and low energy argon ions from a single source.>* Raman
spectroscopy was obtained using a ‘Renishaw InVia’ spectrometer,
which was equipped with a confocal microscope (x50 objective)
spectrometer and an argon laser (514.3 nm excitation). Measure-
ments were performed at a low laser power level (0.8 mW) to avoid
any potential heating effects.>"*>

Sourcing graphene and graphite powders with varying lateral
flake sizes

Graphite and graphene powders were commercially obtained from
Graphene Supermarket (Reading, USA).”° The graphite powders
were Kish graphite, Flake graphite, High Crystalline Natural (HCN)
graphite and Nanostructured graphite-250. The graphite flakes
were independently measured via SEM and TEM in order to
determine an average lateral flake size (N = 20) and comprised
average lateral flake sizes of 1390.0 (£147.5) um, 608.0 (+39.8) pm,
12.2 (£0.7) pm and 0.5 (+0.1) pm for Kish graphite, Flake graphite,
High Crystalline Natural (HCN) graphite and Nanostructured
graphite-250, respectively. The graphene powders comprised aver-
age lateral flake sizes of 9.4 (+0.7) pm, 5.0 (£0.3) um, 4.0 (£0.3) pm,
2.3 (£0.5) um and 1.3 (+0.1) pm for AO-1, AO-3, AO-4, AO-2, and C1,
respectively. Note that a sample naming system has been utilised
as commercially sourced and will enable interested readers to
independently validate this work. The graphitic flakes used within
this study have not been oxidised, reduced or chemically modified
prior to electrochemical experiments (see below and the ESIT for
full physicochemical characterisation). An edge-plane pyrolytic
graphite (EPPG) electrode was utilised as a control to allow for
appropriate comparisons to be made.*

Fabrication of the graphene and graphite paste electrodes

The relevant graphitic paste mixtures were prepared by adding
ca. 600 mg of a selected graphite/graphene powder with ca.
400 mg of mineral oil (Nujol) in a 60:40 (% weight) composi-
tion, followed by vigorous hand-mixing until the paste was
homogeneous. This composition was optimised by comparing
the electrode constituents at a variety of ratios and monitoring
the peak height, peak-to-peak separation (AEp) and reversibility
against the standardised hexaammineruthenium(m) chloride
and potassium ferrocyanide(n) redox probes. The mixtures
were homogenised for 30 min prior to being compressed into
a piston-driven polymeric-composite electrode shell. The poly-
meric cylindrical shell possessed an inner diameter of 4.5 mm,
defining the working electrode’s surface area. An electrical
contact point was positioned at the rear of the paste electrode,
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with an electrical wire connecting the front ‘working surface’ of the
paste electrode to the electrical contact point at the rear, allowing
one to quantify the electrochemical behaviour demonstrated.
Before experimental use, the paste electrode was prepared by
applying pressure in order to force out a small portion of the
paste. The paste electrode’s ‘working surface’ was then polished
against clean, lint-free filter paper, until a smooth/uniform
working area was obtained. Finally, the surface was washed with
deionised water prior to commencing electrochemical analysis.
The calculated geometric area of the graphitic paste electrodes
used throughout this study was 0.201 cm” while the calculated
geometric area of the control EPPG electrode was 0.196 cm’.

In order to electrochemically characterise the fabricated graphite
paste electrodes and to evaluate the effect that varying the lateral
flake size induces upon the HET properties, well-known and widely
understood outer- and inner-sphere electrochemical redox probes
were used (see ESIt for more information), namely hexaammine-
ruthenium(m) chloride, TMPD, potassium ferrocyanide(un) and
ammonium ferrous(u) sulphate. Furthermore, it has been reported
that, when present, surfactants (such as Nafion and Sodium Cho-
late) can interfere with and even dominate the observed electro-
chemical response.”* "> Herein, we have performed ‘blank’ controls
to ensure that the Nujol utilised does not give rise to electrochemical
peaks that interfere with experimental observations. Typical cyclic
voltammetric responses obtained at each of the fabricated paste
electrodes (graphene and graphite) in 0.1 M KCl electrolyte are
depicted in Fig. S16 and S17 (ESIT), where within both the anodic
and cathodic potential regions of interest herein, there are no
evident voltammetric peaks prior to the addition of the redox probes
studied. Moreover, the composition of each fabricated electrode (in
terms of the Nujol) was kept constant, mitigating this as a variable
and therefore the observed changes in the electrochemistry are
deemed representative only of the alterations imposed on the
carbon structure, namely the graphene/graphite lateral flake sizes.

Determination of the heterogeneous electron transfer rate/
kinetics (k°)

The Heterogeneous Electron Transfer (HET) rate constant (k°)
values for the various graphitic-based paste electrodes were
calculated using the Nicholson equation for an electrochemi-
cally quasi-reversible process, as described by eqn (1):*

Y = K°[(nDnvF)/(RT)] 1)

where, i is the kinetic parameter, D is the diffusion coefficient
of the electroactive species, n is the number of electrons
involved in the electrochemical process, F is the Faraday
constant, v is the applied voltammetric scan rate, R the universal
gas constant, and T'is the temperature. The kinetic parameter, ,
is tabulated as a function of peak-to-peak separation (AEp) at a
set temperature (298 K) for a one-step, one-electron process. The
function of Y (AEp), which fits Nicholson’s data, for practical
usage (rather than producing a working curve) is given by:***°

Y = (—0.6288 + 0.0021X)/(1 — 0.017X) (2)

where, X = AEp was used to determine i as a function of
AEp from the experimentally obtained voltammetry. From this,
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W against [(nDnuF)/(RT)] ™/ can be plotted, allowing the k° to be
determined via the gradient. In cases where the AEp values
exceed 212 mV, the following equation was employed:*®

RO — 2.18(ochvF/RT)ﬂ exp {7 (“;’f ) X AEP} 3)

where, the constants are as described in eqn (1) and « is the
transfer coefficient, which was assumed be 0.5. The k° values were
calculated using diffusion coefficients of 9.10 x 10°® ecm? s~ 7,
7.60 x 10" % em? s~ and 6.60 x 10" ® em® s~ * for hexaammine-
ruthenium(m) chloride, potassium ferrocyanide(n) and TMPD,
respectively.’’*° For ammonium ferrous(II) sulphate, the AEp
was used as the primary analysis parameter to compare the

performance of the paste electrodes.

Determination of the electrochemical effective/active area of
the graphite/graphene electrodes

The electrochemical effective area (Ae) of the graphite and
graphene paste electrodes was calculated with the Randles-Sevéik
equation at room temperature (298 K), for an electrochemically
quasi-reversible process using the following equation:*!

Ip = (2.65 x 10°)n**D"*1"*CA g (4)

where the constants are as described in eqn (1) and C is
the concentration of the redox probe under investigation.
Following the calculation of A, the electrochemical real area
(Area) was determined:

Electrochemical real area, Ayea(%) = (jeff) x 100  (5)
Geo

where Ag., is the geometric area of the electrode. Note that recent
literature detailing the ‘best practice’ for calculating/estimating the
A has indicated that one should employ only a true outer-sphere
redox probe to obtain an accurate representation of the determined
area,”” thus herein, hexaammineruthenium(m) chloride is utilised
exclusively for this purpose.

Determination of the ‘edge-to-basal plane ratio’

The ‘edge-to-basal plane ratio’ of the graphene/graphite paste
electrodes was calculated using the total specific capacitance (C°).
C° was determined via cyclic voltammetry using 1 mM hexa-
ammineruthenium(m) chloride in 0.1 M KCl at scan rates of
100, 200 and 500 mV s . The voltammetric window selected
was in a non-Faradaic region (between 0.2 and 0.3 V, with
capacitance values taken at 0.255 V (vs. SCE)).*>** The potential
range used has no Faradaic processes occurring, therefore
cathodic and anodic current densities are associated with
charging of the electrical double layer. The ‘difference between
the anodic and cathodic current density’ at 0.255 V versus
the corresponding ‘scan rate’ is plotted, such that the linear
regression indicates the value of double layer capacitance. Alter-
natively, the C° for each scan rate can be calculated using the
following equation:*>*?

0 Anodic capacitance — Cathodic capacitance
= - (6)
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after which, plotting C° values against the corresponding
scan rate results in a slope that represents the total specific
capacitance for each electrode (herein reported as pF cm 2).
The ‘edge-to-basal plane ratio’ is then determined using:**

CO = C(e)dgefedge + Cgasal(l _fc‘edge) (7)

where C° was the total specific capacitance (as determined above),
which was the weighted average of the total edge and basal plane
contributions. ngge and Cpasa are the specific capacitance values
for the edge and basal plane surfaces respectively, and fcqge is
the fraction of edge plane on the surface of the electrode.

Density functional theory (DFT) computation

Gaussian 09W package software was used for all Density Func-
tional Theory (DFT) calculations, including molecular geometry
optimisation and molecular orbital (MO) calculations. The Beck’s
three-parameter hybrid (B3LYP) method was used for geometry
optimisation and MO calculations.*> The B3LYP method gives
results more accurate than semi-empirical and the pure Hartree—
Fock level of theory.*® It represents a combination of Beck’s three
parameters with the correlation functional of Lee, Yang and
Parr.”’” The basis set 6-31G** was selected for all calculations
because it is suitable for calculations carried out on large mole-
cules (>100 atoms).**>> The calculation results were visualised
with the aid of GaussView 05 package software.’® The distribution
of electrons in the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) were also
visualised to predict the possible electron transfer processes
and electrostatic potential maps were visualised to investigate
the distribution of electronic charges.

Results and discussion

Physicochemical characterisation of the graphite and graphene
electrode materials

Independent physicochemical characterisation of the various
powders and fabricated paste electrodes was performed using
SEM-EDX, TEM, XRD, XPS and Raman spectroscopy in order to
ascertain the differences in structural and chemical properties.
Fig. 1 depicts the SEM images (TEMs are presented in Fig. S1,
ESIT) of the four graphite powders utilised. It is evident that
the range of graphite powders comprise large interplanar
microcrystalline sizes, L., which demonstrate the presence of
multi-layer graphite, as expected. Importantly, the intraplanar
microcrystalline size, L, (lateral flake/grain size) of each powder
varies significantly, which correlates with the expected ranges
associated with the samples: ca. 1390.0 (£147.5) um kish graphite;
ca. 608.0 (£39.8) um flake graphite; ca. 12.2 (£0.7) pm HCN
graphite; and ca. 0.5 (£0.1) pm nanostructured graphite (see
Table 1). Similarly, the TEM images (SEMs are presented in
Fig. S2, ESIt) of the five graphene powders demonstrate that
the graphenes exhibit an L. size of ca. 0.34 nm and larger,
indicating the combined presence of single layer graphene and
quasi-graphene (Fig. 2).5'7'%3* Again, the L, (lateral flake/grain
size) of each graphene powder varies, with the following average
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Fig. 1 SEM images of the graphite powders used to fabricate the paste
electrodes, showing individual lateral flake sizes; (A) kish graphite, (B) flake
graphite, (C) HCN graphite, and (D) nanostructured graphite-250. Note,
the variation in magnification, emphasising the difference in lateral flake
size of the graphite flakes.

lateral flake size associated with the respective samples: ca. 9.4
(£0.7) pm AO-1; 5.0 (£0.3) um AO-3; ca. 4.0 (£0.3) pm AO-4; ca.
2.3 (£0.5) pm AO-2 and ca. 1.3 (£0.1) pm C1 (Table 2).

For interested readers, Fig. S3 and S4 (ESIt) show SEM
images of the surfaces of respective graphene and graphite
paste electrodes following their fabrication.> Moreover,
Fig. S5-S9 (ESIY) depict additional TEM images of the graphene
flakes (powders) that are utilised within this study.

Raman spectroscopy was performed on the four graphitic
powders (with the spectra presented in Fig. S10, ESIt). The
Raman spectra reveals two characteristic peaks at ca. 1579 and
2670 cm ', which are due to the G and 2D (G') bands,
respectively.’>® The intensity ratio of the G and 2D bands,
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the asymmetrical nature of the 2D (G’) band, in addition to
the shoulder evident, are consistent with that expected for
multi-layered graphite. The low/faint presence of a D band
(ca. 1335 cm ™) indicates that the graphite samples are of high
quality and possess a low level of basal plane crystal defects
across their lattices.>®>® Interestingly, the intensity of the D
bands increase as the graphitic lateral flake size decreases,
which is likely related to the increment in the edge plane like-
sites present, as this geometric contribution (edge plane) raises
and diminishes the contribution of the basal plane within the
edge/basal ratio. Fig. S11 (ESIt) depicts the Raman spectra
of the five graphene powders, revealing two characteristic
peaks (G and 2D (G’)) of graphitic materials at ca. 1579 and
2670 cm™'.>>"*® The highly symmetrical 2D (G’) band peak and
the intensity ratio of the G and 2D bands indicate that the
surfaces comprise single- to few-layer graphene sheets. The
presence of a small D band indicates that there are a small
number of structural defects on the graphene surface (limited
basal plane crystal defects, i.e. a lack of edge plane sites/
defects), however as stated earlier, the relatively low intensity
of the D bands suggests that generally an ordered graphene
structure of high quality is present.> ® Note that, in the case of
AO-1, distinct Raman spectra are evident, in which the D band
is significantly larger than that of the other graphene powders.
In this instance, it is likely that the powder utilised contains
a high number of edge plane like-sites/defects (giving rise to
the large D band) which will likely influence the voltammetry
observed and this must be considered.

The chemical composition of the various graphitic powders
was characterised using a range of techniques (XRD, EDX and
XPS) and this is reported in full in the ESLt

The combined surface and physicochemical analysis con-
firms the presence of a range of high quality/purity graphitic
nanosheets. It is clear that the low O/C ratio of the graphene
and graphite powders are near that of a pristine nature, which
in conjunction with the parallel features present in each of the

Table1l Electrochemical behaviour of the four graphitic electrodes determined from cyclic voltammetry using 1 mM hexaammineruthenium(in) chloride,

1 mM TMPD and 1 mM potassium ferrocyanidel(i). These redox probes were first characterised with an EPPG electrode and k° values of 3.33 x 10> cm s

-1

146 x 103> cm st and 1.80 x 10~ cm s~ were recorded respectively (N = 3)

Average measured lateral AEp (mV) at
Graphite type used to fabricate paste electrode flake size (N = 20) (um) ¥ (ems™ Aegr (cm?) Arear (%) 100 mv s~*
Hexaammineruthenium(u) chloride/0.1 M KC1
Kish graphite 1389.9 (+147.5) 1.69 x 1072 0.169 84.1 141.0 (£2.8)
Flake graphite 608.0 (+39.8) 2.05 x 1072 0.208 103.5 118.3 (£3.6)
HCN graphite 12.2 (+£0.7) 3.35 x 1072 0.147 731 85.6 (+£7.1)
Nanostructure graphite-250 0.5 (£0.1) 3.48 x 107° 0.150 74.6 78.1 (£3.6)
TMPD/0.1 M KCl
Kish graphite 1389.9 (+147.5) 1.42 x 1073 — — 130.9 (+£41.1)
Flake graphite 608.0 (+39.8) 1.82 x 1072 — — 128.4 (£32.7)
HCN graphite 12.2 (£0.7) 1.95 x 1072 — — 115.9 (+24.7)
Nanostructure graphite-250 0.5 (£0.1) 2.43 x 107° — — 98.2 (£10.7)
Potassium ferrocyanide(u)/0.1 M KCl
Kish graphite 1389.9 (+£147.5) 6.04 x 107° — — 833.4 (+1.1)
Flake graphite 608.0 (+39.8) 1.93 x 1072 — — 143.5 (£35.0)
HCN graphite 12.2 (£0.7) 1.79 x 1073 — — 105.8 (+7.1)
Nanostructure graphite-250 0.5 (£0.1) 1.71 x 10 — — 151.1 (£7.1)
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Fig. 2 Structural characterisation of the graphene lateral flakes via TEM;
(A) AO-1, (B) AO-2, (C) AO-3, (D) AO-4 and (E) C1. Note that the scale bar is
2 um in all images.

samples, allows the consideration of only the structural (lateral
flake size) changes within each of the powders and their effect
on the electrochemical performance.

Graphite paste electrodes: electrochemistry at varied lateral
flake sizes

The electrochemical system was first benchmarked and char-
acterised using an EPPG electrode towards hexaammine-
ruthenium(m) chloride (Fig. 3), which exhibits a peak-to-peak
separation (AEp) of ca. 80.6 mV (at 100 mV s ' vs. SCE).
This value is in agreement with previous literature, which is
due to the electrode surface having a large global coverage of
edge plane like-sites/defects, giving rise to fast heterogeneous
electron transfer.®>'® In order to explore the effect of lateral
flake size, cyclic voltammograms were obtained for each of the
four respective graphite pastes (Fig. 3). A pair of well-defined
redox peaks are evident when using each electrode, with
AEp values observed at ca. 78.1, 85.6, 118.3 and 141.0 mV
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Fig. 3 Typical cyclic voltammetric profiles recorded using graphite paste
electrodes. Redox probe: 1 mM hexaammineruthenium(in) chloride/0.1 M
KCL. Scan rate: 100 mV s %

(100 mV s™' vs. SCE) for the nanostructured, HCN, flake and
kish graphite materials, respectively. The AEp values indicate
that, as the lateral flake size of the graphite paste electrodes
decrease, the peak-to-peak separation decreases, suggesting
that the electrochemical process becomes more reversible as
the flake size is reduced. Indeed, this inference is supported via
the k° values obtained (see Table 1), which indicate that smaller
lateral flake sizes result in improved HET.

Further analysis of the cyclic voltammetric data reveals that
nanostructured graphite, with the smallest lateral flake size,
exhibits the fastest electron transfer rate (3.48 x 10™% cm s~ %),
whilst kish graphite (the largest average lateral flake size)
exhibited the slowest (1.69 x 10~* ¢cm s~ '). One explanation for
these observations is that the ‘edge-to-basal plane ratio’ is being
altered as one varies the lateral flake size. Resultantly, as the
lateral flake size of the graphite flakes decrease, the amount of
edge planes available on the surface of the electrode increases
(or the proportion of this compared to the other geometrical
contribution, ie. the un-reactive basal plane, which reduces in
size). The calculated percentage ‘edge-to-basal plane ratio’ of the
respective graphite electrodes correlates well with this inference,
with improved electrochemical activity exhibited by electrodes
with smaller lateral flake sizes (see Table 3). Resultantly, it
was estimated (electrochemically) that kish graphite (average
lateral flake size ca. 1390.0 (+147.5) pm) possessed an edge/
basal plane percentage ratio of 1.16% edge/98.84% basal and

Table 2 Electrochemical behaviour of the five graphene electrodes determined from cyclic voltammetry using 1 mM hexaammineruthenium(in) chloride

probe/0.1 M KCL (N = 3)

Graphene type used to Average measured lateral AEp (mV)
fabricate paste electrode flake size (N = 20) (um) £ (ems™) Aegr (cm?) Areal (%) at 100 mV s~
AO-1 9.4 (+0.7) 2.37 x 1072 0.083 41.2 93.2 (£3.6)
AO-3 5.0 (£0.3) 2.75 x 1073 0.190 94.5 85.6 (£14.3)
AO-4 4.0 (+0.3) 2.99 x 1073 0.162 80.6 73.0 (£2.0)
AO-2 2.3 (+£0.5) 4.38 x 107° 0.225 111.9 65.5 (43.6)
c1 1.3 (40.1) 5.45 x 1073 0.115 57.2 64.5 (£3.6)
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that nanostructured graphite (average lateral flake size ca
0.5 (£0.1) pm) comprised of 27.99% edge/72.01% basal, respec-
tively. These results indicate that smaller lateral flake sizes give
rise to a higher % global coverage of edge plane like-sites/
defects, which in turn results in improved HET properties and
an electrochemically favourable response in contrast to larger
lateral flake sizes.

To ensure that the redox probes are not adsorbing onto the
surface of the paste electrodes, logIy versus log scan rate (v)
plots were explored utilising the hexaammineruthenium(ur)
probe. Results indicated semi-indefinite linear diffusion in all
cases, as governed by the Randles-Sevéik equation (Table S3,
ESIt). Confirming that the observations throughout this study
are due to diffusional processes, with no contributions from
surface adsorption.>'” The calculated electrochemical effective
area (A.g) of the graphite paste electrodes ranged from 0.15 cm?
at HCN graphite to 0.21 cm® for flake graphite.”

We next turn to TMPD, which is a ‘near’ outer-sphere redox
probe,”® to further explore the above observations. In order
to benchmark and characterise the TMPD redox probe, electro-
chemical analysis was first performed utilising an EPPG
electrode (Fig. S18, ESIt), which exhibited a AEp of ca. 88.1 mV
(100 mV s~ vs. SCE). The graphite paste electrodes were then
electrochemically explored (Fig. S18, ESIt), with resulting A°
values demonstrating that the nanostructured graphite exhibits
the fastest rate of electron transfer (2.43 x 10> cm s~ ') followed
by HCN graphite, flake graphite, and with the slowest k°
observed at kish graphite (1.42 x 107% c¢cm s™'), see Table 1.
Clearly, when utilising the (outer-sphere) TMPD redox probe, the
nanostructured graphite electrode (with the smallest lateral flake
size) exhibits the most favourable electron transfer properties/
reactivity when compared to its graphitic counterparts, with the
HET rate lowering as lateral flake sizes increase.

Next, potassium ferrocyanide(un), an inner-sphere redox
probe, was utilised. Benchmarking with an EPPG electrode
(Fig. S19, ESIt) revealed a peak-to-peak separation (AEp) of
ca. 133.4 mV (100 mV s~ ' vs. SCE). Under the same conditions,
the AEp values observed using the graphitic paste electrodes
were ca. 105.8, 143.5, 151.1 and 833.4 mV for the HCN, flake,
nanostructured and kish graphite respectively. The AEp values
indicate that, with this particular probe, the HCN graphite
exhibits the most reversible electron transfer process, whilst
the kish graphite (largest average lateral flake size) is the least
reversible. The k° values obtained reveal that flake graphite
was the most effective electrode utilised towards this probe,
producing the largest estimated electron transfer rate (1.93 x
10% ¢cm s "), however, this was not significantly faster than
HCN (1.79 x 10~% ecm s~ ') and nanostructured graphite (1.71 x
10> cm s~ ') which were similar in HET speeds. Crucially, kish
graphite, which possesses the largest lateral flake size, gave rise
to the most unfavourable electrochemical performance, with a
k° estimated at 6.04 x 10> cm s~ ' (see Table 1). These findings
correlate with the number of available edge plane like-sites/
defects and with the inferences from above. Interestingly how-
ever, the close proximity of the estimated k° values and hence
the more reversible and similar voltammetry observed at the
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smaller lateral flake sizes in this case suggests that the surface
structure (in terms of oxygenated species) could also be influ-
encing the observed electrochemical properties towards this
inner-sphere probe, or that the electrochemical reversible limit
is approached for these flake sizes.

Ammonium ferrous(un)sulphate was the final inner-sphere
redox probe utilised in this study and was selected due to
its ability to demonstrate sensitivity towards the presence of
surface oxides and functional groups. This is important since
their presence can lead to catalysis by surface carbonyl groups
and derivatization of C=O0 groups which could potentially be
available on the surface of the graphitic paste electrodes.*>>%°%7*
Previously, this probe reportedly demonstrated an unexpectedly
large AEp when utilised towards a screen-printed graphite macro-
electrode, producing a peak-to-peak separation of 434 mv.*
The ammonium ferrous(u)sulphate redox probe was charac-
terised using an EPPG electrode (Fig. S20, ESIT) and exhibited a
AEp of ca. 256.8 mV (100 mV s™* vs. SCE). The AEp values
observed at the four graphitic paste electrodes were ca. 108.3,
136.0, 229.9 and 1027.2 mV for the flake, nanostructured, HCN
and kish graphite, respectively (see Table S4 and Fig. S20, ESIT).
It is worth noting that this probe did not produce well defined
voltammetry with the HCN graphite paste electrode, possibly
due to the inner-sphere nature and precise interactions
between this specific redox probe and the electrode in question
(and surface oxygenated species, if present); resultantly, the
voltammogram for HCN was removed from the figure. The k°
values for this probe could not be accurately determined due to
the lack of a reported diffusion coefficient in the literature,
however, basing analysis upon the AEp values it is again clear
that smaller lateral flake sizes give rise to improved electro-
chemical interactions.

Overall, the above trend indicates that, as the lateral flake
size of carbon-based paste electrodes (such as those comprised
of graphite) decreases, the electrochemical reactivity of the
electrode increases. A reduction in the peak-to-peak separation
(AEp) is evident, representing an improvement in electro-
chemical reversibility and HET rates (k°). It is inferred that
these observations are directly related to the % of edge plane
contribution comprising the graphite flake’s geometry, which
is further evidenced when one considers that the graphite
electrodes most effective towards the outer-sphere redox probes
were those with smaller lateral flake sizes and a higher estimated
% global coverage of edge plane. Inversely, kish graphite has
been shown consistently as the least effective of the four graphite
paste electrodes, which possesses the largest average lateral flake
size and hence the biggest basal plane % comprising its struc-
ture. Results are also reiterated with the inner-sphere probes,
however, care needs to be taken over their interpretation given
that oxygenated species and ligands found on the electrode
surface influence the observed electrochemistry (unlike the
case for outer-sphere probes, which are dependent only on the
electronic density of states).®*

Confirmation of the above trends can be gained through
analysis of the average specific capacitance, C° of the paste
electrodes, which can also be utilised to determine the edge/basal
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Table 3 Calculated ‘edge-to-basal plane ratios’ for the graphite and graphene paste electrodes determined from cyclic voltammetry using 1 mM
hexaammineruthenium(in) chloride/0.1 M KCL (N = 3). Note that in specific cases, variability is evident in the capacitance values obtained, which is likely
due to distinct oxygen groups present on specific electrodes (it is well known that specific oxygenated functionalities (e.g. C—O groups) on graphitic

structures can result in larger capacitance values)’®~78

Carbon-based electrode Average measured lateral

Total specific

material utilised flake size (N = 20) (um) capacitance (WF cm™®)  Edge plane (%)  Basal plane (%)  £° (ems™)
Graphite paste electrodes

Kish graphite 1389.9 (+147.5) 0.20 1.06 98.94 1.69 x 1073
Flake graphite 608.0 (+39.8) 0.99 0.02 99.98 2.05 x 1072
High crystalline natural graphite 12.2 (£0.7) 0.23 1.11 98.89 3.35 x 107°
Nanostructured graphite-250 0.5 (£0.1) 20.31 27.99 72.01 3.48 x 107°
Graphene paste electrodes

AO-1 9.4 (£0.7) 1.48 0.70 99.30 2.37 x 1072
AO-3 5.0 (£0.3) 3.33 3.38 96.62 2.75 x 1073
AO-4 4.0 (£0.3) 15.86 21.53 78.47 2.99 x 1073
AO-2 2.3 (+0.5) 11.64 15.42 84.58 4.38 x 1073
c1 1.3 (+£0.1) 33.57 47.20 52.80 5.45 x 107

ratios (see Table 3). It is clear that kish graphite (largest average
lateral flake size) exhibits an estimated edge plane percentage
of 1.06%, which when compared to nanostructured graphite-
250 (smallest lateral flake size, with an edge plane percentage of
27.99%) and correlated with the observed electrochemical
properties/performances, one can infer that indeed, as the lateral
flake size of the material comprising the graphite paste electrode
decreases, the percentage coverage of edge sites increases and
this gives rise to favourable electrochemistry.

Graphene paste electrodes: electrochemistry at varied lateral
flake sizes

The graphene-based paste electrodes were first evaluated with
the outer-sphere redox probe 1 mM hexaammineruthenium(m)
chloride in 0.1 M KClI (see Fig. S21 (ESIt); Table 2). The AEp
values obtained from the five graphene paste electrodes were
ca. 64.5, 65.5, 73.0, 85.6 and 93.2 mV for C1, AO-2, AO-4, AO-3
and AO-1, respectively (100 mV s~ vs. SCE). The AEp values of
the graphene electrodes do indicate that a reduction in lateral
flake size gives rise to smaller AEp values, which relate to a
more reversible electron transfer process. However, the overall
significant impact (or percentage improvement observed) is
minimal when compared to the graphite electrodes, possibly
due to electrodes becoming close to the electrochemical rever-
sible limit of the redox probe studied. This was further con-
firmed by calculated HET rates, as the k° values show that C1
produced the fastest, most favourable electron transfer rate at
ca. 5.45 x 102 cm s~ ', followed by AO-2 (4.38 x 10 cm s~ %),
AO-4 (2.99 x 1072 em s71), AO-3 (2.75 x 10° cm s ') before
finally AO-1 (2.37 x 10~® cm s ') which exhibited the slowest
kinetics and comprised the largest lateral flake size. Generally,
the trend observed for graphite (with a larger variation in lateral
flake size) holds true for graphene; however, in this case
the change in the lateral flake size is smaller, such that the
observed electrochemical properties alter to a lesser signifi-
cance as one approaches the reversible limit.

The A.¢ values of the graphene paste electrodes ranged from
0.08 cm” (AO-1 with the largest flake size of 9.4 pm) to 0.23 cm®
(AO-2 with one of the smallest flake sizes of 2.3 pm) which

This journal is © the Owner Societies 2018

represented Ay, values of ca. 41.2% and 111.9%, respectively with
this redox probe.”® Although these values vary with each electrode
(possibly due to the orientation of the flakes comprising the paste
and hence the accessibility of the edge plane sites), it is apparent
in this case that the larger lateral flake size results in a lower Ay,
% value, which is related to the active area of the electrode and is
likely due to these comprising a larger basal plane contribution,
which is effectively inactive, thus leading to the reactive area not
correlating to the physical area. Likewise, this trend indicates that
the smaller flakes (with higher edge plane coverage) possess a
larger ‘active’ area and hence more of the geometric area com-
prises reactive edge plane sites, where the physically exposed area
is more closely correlated to that of the active area.”

When considering further redox probes (TMPD, potassium
ferrocyanide(u), and ammonium ferrous(u) sulphate (see Fig. S22
and Tables S5-S7, ESIf)), sample C1 of the graphene paste
electrode (with the smallest average lateral flake size) consistently
exhibits the greatest electrochemical reactivity and reversibility,
with the largest flake size also following trend (and supporting the
theory proposed herein, see Fig. 4) and exhibiting the slowest HET
rates. However, the consequent variation between both the AEp
and &° values with the other graphene electrodes was relatively
small (a minimal change) given that the flake sizes are not as
distinct as per the graphite samples.

Electrostatic potential maps (ESP) of graphene

The calculation of atomic charges has a great impact on pre-
dicting the electronic properties and reactivity of molecules.®>
From the atomic charges of a molecule, the software can predict
the distribution of the electrostatic potential energy on the whole
molecule to build up an image known as the electrostatic
potential map (ESP). The electrostatic potential energy is maximum
(high relative positive charge) where the colour of the ESP is deep
blue. However, a red colour indicates the minimum electrostatic
potential energy (high relative negative charge). ESPs are related
to the electronic density of molecules and they can give informa-
tion about the concentration of the electrons on the molecular
structure.®® The ESPs herein were built using graphene sheets
with different lateral flake sizes and the level of theory used in
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Fig. 4 A schematic depicting the trends observed and reported herein. It
is evident that, as the graphitic lateral flake size (L,) decreases, an increase
in electrochemical reactivity is observed, with increases noted in k° values
obtained and a reduction in the AEp.

geometry optimisation (B3LYP/6-31G**) to investigate the influence
of lateral flake size on the electronic density and HET. A frequency
calculation was carried out (using the same functional) for all of the
studied structures and no imaginary frequencies were found,
indicating the stability of the illustrated geometries. The selected
sizes of the models utilised are consistent with previous research
articles concerning graphene materials modelling and in some
cases our models are larger and more representative.”

In Fig. 5, which depicts the ESPs, the orange colour indicates
a low electrostatic potential, while the blue colour indicates a
high electrostatic potential. The ESPs of the studied graphene flakes
(2 x 3,3 x 5and 6 x 11 (ring x row)) depicts that the orange colour
is concentrated in the central region of the flake as the flake’s lateral
size decreased. Consequently, the central carbon atoms of the 2 x 3
and 3 x 5 flakes possessed high electronic clouds. The electronic
cloud (ie. low electrostatic potential) is directed toward the lateral
edge plane region in the 6 x 11 graphene flake. As a result, the
electron-transfer process occurs in the central region (i.e. large area)
in small graphene flakes rather than at the edges as per in the larger
ones. These results, regarding the basal/edge plane electron transfer,

are in agreement with previously published work.***?

Frontier molecular orbitals (FMOs) of graphene

Frontier molecular orbitals (FMOs) result from the linear
combination of the atomic orbitals of the atoms, of which the
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Fig. 5 DFT calculations on graphene flakes of different lateral flake
size. (a—c) optimized geometry, (d—f) HOMO, (g—i) LUMO and (j—1) ESPs
of 2 x 3,3 x 5and 6 x 11 (ring x row) flakes, respectively. The method
of calculation used herein is B3LYP/6-31G** and the isovalue for FMOs
and ESPs is 0.02.

molecule is comprised. They have an important role in predict-
ing the optical and electrical properties of the molecules.®?
Moreover, FMOs are crucial in studying the electronic transi-
tions and the transition states of molecules.®® In electronic
transitions, HOMO represents the electron donor orbital and
LUMO represents the electron acceptor orbital,** and the FMOs
of graphene flakes of varying sizes have different locations
(Fig. 5d-i). As the size of the graphene flake decreases, the ratio
of the edge plane region to the total flake size also decreases
considerably. Consequently, FMOs reside in the central part of
the small flake (e.g. 2 x 3 flake) enhancing the electron transfer,
unlike the large flake (6 x 11) in which the FMOs reside in the
lateral edges,®*® hence hindering the electron transfer through
the central region. However, in the 3 x 5 flake, homogeneous
distribution of the FMOs was observed across the flake, which
may suggest the highest electron transfer rate. In essence, in the
case of the large graphene flake (6 x 11), the MOs span the edge
regions of the molecule; then excitation of a HOMO electron into
the LUMO would constitute a transfer of charge only through
the edge plane. However, in case of 3 x 5 flakes, the MOs span
almost the whole structure, which constitutes a spatial transfer
of charge through the whole flake. The 2 x 3 flake is very small,
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Fig. 6 Total density of states (TDOS) of the investigated graphene flakes
obtained from DFT calculations using the B3LYP/6-31G** functional.

so the distribution of the MOs is unique. It is obvious that the
HOMO and LUMO of the 2 x 3 flake span the same region;
therefore, the electrons are confined in the same place and
no spatial transfer occurs. Based on these results, it can be
inferred that there is an apparent threshold, in which a
decrease in the lateral flake size leads to an increase in HET
until the said threshold is reached and at this point, any further
decrease in lateral flake size has no significant effect upon the
electrochemical activity of the graphene flakes.

Further studies were conducted on the density of states
(DOS) of different graphene flakes (Fig. 6) as an attempt to
correlate the obtained results with the previously calculated
DOS diagrams for graphene materials. DOS is a concept of
solid-state physics, which represents the number of electronic
states per unit energy interval. The DOS of a given quantum
system/material is a vital tool, utilised in order to understand
the electrical conductivity and other electronic parametric
responses.®® In all of the studied graphene flakes the conduc-
tion band was approximately below —5.0 eV while the valence
band was almost at zero eV. The 3 x 5 and 6 x 11 graphene
flakes showed some conductor metal-like characteristics. It was
also observed that the electrical conductivity increased in the
order (2 x 3) < (3 x 5) < (6 x 11). In fact, the 2 x 3 flake was
more like an intrinsic semi-conductor with a band gap of 2.7 eV.
Around the Fermi-level, all states comprise the p-orbitals of the
carbons and only the s-orbitals contribute to energetically much
lower and higher states.®® Furthermore, Van Hove singularities
can be observed, possibly due to a peak in electrical resistance
when the graphene is charge neutral or when graphene layers
twist, leading to pronounced Van Hove singularities due to
interlaying coupling.®” Accordingly, the observed changes in the
DOS of different flake sizes suggests that there must be a change
in the HET process. However, the challenge is how to explain
the fact that the 6 x 11 graphene flake has the highest number
of electronic states around the Fermi level, which may be
erroneously interpreted as the highest conductivity. The elec-
trical conductivity is not only dependent on the number of
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states around the Fermi level; this is only one of the many
factors. It depends also on other properties, such as diffusion,
band gap, the number of charge carriers and so on. Therefore,
the apparent inconsistency of the electrical conductance of the
6 x 11 flake can be explained by the changes in these factors,
which cannot be predicted using the DOS diagrams. From these
results, it would seem that decreasing the lateral flake size below
a certain extent (the aforementioned threshold size) causes a
decrease in HET rates, therefore a decrease in the electrical
conductivity was obtained in case of the 2 x 3 graphene flake.
This corresponds well with previous literature; in which one
study using computer simulations revealed that the DOS close
to the Fermi level was independent of the electronic structure
(i.e. triangular, hexagonal and round) in the case of graphene
flakes, but was dependent on their size, especially in the case of
hexagonal and round graphene flakes.®® Heiskanen et al.,
stated that this could possibly be due to their well-exhibited
edge planes.®®

A summary of insights regarding the lateral flake size and
resulting electrochemical properties at graphitic electrodes

A direct relationship has been observed with respect to the
lateral flake size comprising graphene and graphite electrodes
and their corresponding electron transfer properties, with smaller
flake sizes (increased edge plane contributions) resulting in an
improved electrochemical performance. When the graphite/
graphene electrodes are explored towards outer-sphere redox
probes (such as hexaammineruthenium(m) chloride) the afore-
mentioned trend was clear, with the large lateral flake sizes
demonstrating reduced performance and slower HET (k°)
rates compared to their smaller lateral flake counterparts,
which possessed higher % edge plane contributions and larger
calculated/estimated reactive areas (A.g). Such calculations
are possible due to the nature of outer-sphere probe’s electro-
chemical performance being dependent on the electronic
structure of the electrode only (see ESIt). Interestingly, when
inner-sphere redox probes are utilised, although similar trends
are evident, there were specific cases where a material gave rise
to an unexpected favourable/unfavourable electrochemical
response. For example, flake graphite (one of the ‘larger’ lateral
flake sizes) exhibited the fastest rate of electron transfer when
measured using the potassium ferrocyanide(u) probe (Table 1).
However, due to the intricate nature of inner-sphere probes and
their increased sensitivity towards oxygenated species and
ligands, the electrochemical reactivity is convoluted, with the
resulting HET rates misinterpreted if the surface state is not
considered accordingly given this high dependence upon the
physical structure of the electrode surface.®®

Considering the observations using the outer-sphere redox
probes, such that smaller lateral flake sizes gave rise to improved
electrochemical properties, such as smaller AEp, and larger k°
values. It is inferred that the higher global coverage of edge plane
like-sites/defects arising due to the favourable edge plane to
basal plane ratio enhances electrochemical performance. This
supports previous literature which states that edge plane sites
are the predominant origin of fast electron kinetics in graphitic
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materials, with comparably slow HET rates demonstrated by
large films/flakes of pristine graphene likely a result of graphene’s
fundamental configuration; comprising a low edge plane to high
basal plane ratio.®

Given that the density or % coverage of edge plane like-sites/
defects on an electrode’s surface plays a pivotal role in deter-
mining its electrochemical efficacy, this parameter needs to be
investigated and optimised (flake thickness, lateral flake size,
geometry, orientation, etc.) at carbon-based electrodes in order to
achieve enhanced performance in numerous fields of application.”

Conclusions

We have shown, for the first time, utilising graphite and graphene
based paste electrodes with varying lateral flake sizes, that the
respective electrode’s electrochemical reactivity depends directly
on its structural composition. Decreasing the lateral flake
sizes at graphitic electrodes resulted in improved electro-
chemical performances, with faster HET evident in such cases.
These findings are attributed to the resulting percentage of
‘edge-to-basal plane ratio’ on the various flakes, with a
reduction in lateral flake size correlating to a distinct increase
in the number (or % composition) of edge plane area/sites
present on the electrode surface. As such, we infer that the
observed improvement in electrochemical activity in such cases
(when using outer-sphere redox probes) is directly related to the
edge plane content and hence the lateral flake size when using
graphitic based electrodes. Interestingly, specifically when
using the graphene electrodes (with the smallest lateral flake
sizes), the above trend was evident up to a specific point,
termed the ‘lateral size threshold’, after which the improve-
ment/increment in the amount of edge planes available to
partake in HET became such that no (further) vast improve-
ment was seen in the electrochemical activity given that the
process was close to the reversible limit. Inner-sphere redox
probes were also utilised and similar underlying trends were
present, however, the graphite electrodes were highly sensitive
to the redox probe due to oxygenated species (and ligands) and
as such, in some instances where favourable surface groups
interacted with the probe being studied, the general trend
relating to the edge plane density was perturbed.

The above conclusions are supported by DFT calculations,
which have revealed that in smaller graphene lateral flake sizes
(2 x 3 and 3 x 5 carbon atoms), electron transfer processes
occur in the central region of the flake as opposed to larger
flakes (6 x 11 carbon atoms) where the outer regions (i.e. edge
planes) demonstrate low electrostatic potential. These results
concur with the electrochemical analysis of the graphite and
graphene of varying lateral flake sizes, providing evidence that
one will observe an increase in electrochemical reactivity as the
lateral flake size is reduced, theoretically and/or possibly up to
the ‘lateral size threshold’ (a critical value/limit), where after-
wards the reversible limit of the electrochemistry is achieved
and/or the entire flake becomes reactive such that electron
transfer will remain unaltered.
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This work highlights the importance of considering the
lateral flake size when selecting materials to be implemented
as electrodes with improved/fast HET and favourable electro-
chemical responses. Given the insights gained herein, novel
materials (i.e. 2D-nanomaterials) selected for potential electrode
development should have a higher edge plane density, leading to
increased HET rates where required. Future research needs to
focus on optimising such flake sizes in carbonaceous electrode
materials for applications such as energy storage and sensors.
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