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ABSTRACT: The electrochemical activity of the basal plane and
edge plane of graphite has long been a subject of an extensive debate. A
While significant advances have been made, several gaps still exist in
our understanding of this issue, namely, the relative differences in the
electrochemical activity of the perfect basal plane and perfect edge
plane and the dependence of measurable electrochemical quantities
on the edge/defect density of the basal plane. In this work, we
employ a microdroplet electrochemical cell technique and atomic
force microscopy to measure localized electrochemical properties of
the graphitic surface with known edge coverage. The electron
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transfer rate, capacitance, and density of electronic states of the
perfect basal plane and perfect edge plane are estimated, and a qualitative model is proposed for the dependence of the
electrochemical quantities on the defect density of the basal plane.

B INTRODUCTION

Electrochemistry of graphite has been studied by numerous
researchers since the 1960s for its utility as a low-density,
chemically stable, and affordable material."” Its most common
forms include natural graphite (NG) and highly oriented
pyrolytic graphite (HOPG), both of which consist of sp’
hybridized carbon atoms, covalently bound in a planar
hexagonal lattice. These two-dimensional graphene planes
stack on top of each other due to the weak attractive van der
Waals forces to form the three-dimensional lattice of graphite.
The surface parallel to the graphene planes is called the basal
plane, while the perpendicular surface is called the edge plane
(Figure 1). The basal plane surface is characterized by its atomic
flatness and low defect density, while the edge plane surface
contains sp® sites, defects, dangling bonds, and functional
groups, owing to the abrupt lattice termination.

The debate concerning the electrochemical activity of the
basal plane versus that of the edge plane of graphite has been
sustained for many decades until the present day. The first level
of analysis revealed that while the edge plane is the electro-
chemically active part of graphitic surfaces, the basal plane either
has a vanishingly low electrochemical activity or is completely
inactive, as inferred from capacitance, electron transfer (ET),
and adsorption measurements.’” Specifically, the upper limit of
the standard heterogeneous ET rate (k°) of the ferro/
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ferricyanide redox mediator was estimated to be 107°—1077
cm s~'.7” Contrasting evidence was put forth later, suggesting
that the basal plane of HOPG might have an intrinsic activity,
with orders of magnitude higher k° values than previously
reported.”"" Most recent advances in localized electrochemical
measurements, electrochemical imaging, and surface prepara-
tion shed new light on this debate, confirming unequivocally that
the edges and defects are more active than the basal plane'*~"*
but demonstrating that the basal plane has a non-negligible
electrochemical activity."> >

Graphite is a semimetal with a small overlap (~60 meV)
between the valence and conduction bands and a roughly
parabolic dependence of the density of electronic states (DOS)
on energy on either side of the Fermi level (E;).”"** The DOS is
generally low enough for graphite to exhibit a space charge-
dominated capacitance response when in contact with electro-
lyte solutions, in contrast to metals.>** It therefore follows that
the dangling bonds, impurities, and surface groups found at the
edges/defects are likely to increase the surface DOS and
therefore locally enhance the capacitance or ET, especially near
the DOS minimum at the Ep. Indeed, scanning tunneling
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Figure 1. Schematic of the electrochemical setup and the two surface
types of graphite. (a) Schematic of the microdroplet electrochemical
cell on graphite (side-view). (b) High-resolution dark-field (left) and
bright-field (right) optical images of the basal plane (bottom-left half)
and edge terraces (top-right half). (c) Side-view and top-view
schematics of the microdroplets on the basal plane (green) and edge
terrace (red) surfaces.

microscopy (STM) measurements and first-principles calcu-
lations revealed localized states within 1—2 nm from the edges
and a sharp peak in the DOS near the E; for graphene/
graphite.”*~**

A common observation is that the electrochemical response
varies vastly, even for graphitic surfaces prepared using the same
method.”” ™" It has been shown that only a high quality sp* basal
plane surface can provide quantitative insights into the differing
ET activity of the edge/basal plane, as even seemingly low
coverage of the surface by the significantly more active edges will
dominate the measured response entirely.”*> For this reason,
many researchers utilized HOPG, whose highest quality variants
have a typical spacing of 1—10 pm between single crystal
domains.”** Although not used extensively until recently, NG
has long been identified as a suitable material for fundamental
electrochemical studies due to its large single crystal domains
and low doping levels.” Recent advances in graphene/graphite
electrode preparation from NG, combined with a microdroplet
measurement, have enabled the acquisition of localized
electrochemical responses from single crystal domains with
lateral dimensions of 50—400 pm.**>

It is particularly advantageous to study the ET for outer-
sphere redox systems, which are sensitive to the DOS of the
electrode and the electronic coupling between the electrode and
redox mediator, but not to the specific surface groups as is the
case for the inner-sphere systems.”"***” An outer-sphere redox
mediator therefore serves as a direct probe of the surface DOS of
graphite, without specific sensitivity to its surface chemistry.
This has however been opposed by Zhang et al.,, who asserted
that since the DOS of the semimetallic graphite is orders of
magnitude higher than that of the redox species, any variation in
the DOS is unimportant.”® A useful analysis was offered by
McCreery and McDermott, who concluded that the three main
factors influencing the ET rate are the redox mechanism, surface
DOS, and presence of edge plane.”> We add that another
important factor is the contamination of graphitic surfaces upon
exposure to ambient conditions which raEidly decreases the ET
rate by several orders of magnitude.'*>?~**

This work aims to provide further experimental insights into
the basal versus edge plane phenomenon and to synthesize it
with the literature to date. It transpires from the above analysis

that two main ingredients needed for a detailed experimental
examination of the electrochemical differences between the
basal plane and edge plane of graphite are a high-quality surface
with well-defined morphology and a localized electrochemical
measurement. To that end, we study the ET and capacitance on
high-quality, single crystal graphite using a localized micro-
droplet electrochemical cell measurement and estimate the edge
coverage of the measured area from atomic force microscopy
(AFM) in order to isolate the relative contributions of the
perfect basal plane and perfect edge plane of graphite.

B METHODS

Materials and Chemicals. Natural graphite crystals
(“graphenium” grade) were purchased from NGS Naturgraphit
GmbH. All metals were obtained from Advent Research
Materials UK. Acetone (>99%), isopropanol (>99%),
ammonium hexachloroiridate(IV) (>99.9%),
hexaammineruthenium(IIT) chloride (>98%), potassium
ferricyanide(III) (>99%), and lithium chloride (>99%) were
purchased from Sigma-Aldrich UK and used as received. All
aqueous solutions were prepared using 18.2 M€ cm resistivity
water, deionized by Milli-Q Direct 8 (Merck Millipore).

Graphite Preparation and Characterization. Graphite
flakes with a typical thickness of ~1 ym were mechanically
exfoliated from bulk NG onto SiO,/Si wafers (IDB
Technologies Ltd. UK) as described previously.*>** The wafers
were previously cleaned by sequential sonication in acetone and
isopropanol (both 10 min) and by O,/Ar plasma ashing. A
Nikon Eclipse LVIOOND optical microscope with a DS-Fi2 U3
CCD camera (both Nikon Metrology, UK Ltd.) was employed
to acquire bright- and dark-field optical images. Surface
topography of the graphite flakes was characterized by AFM in
tapping mode using a Bruker Dimension 3100 V model (Bruker
UK Ltd.). Raman spectroscopy, carried out using an inVia
spectrometer with a 532 nm laser excitation (Renishaw plc UK)
focused via a 100X Leica objective to ~0.8 um? spot size, was
used to assess the surface defect density. The X-ray photo-
electron spectroscopy (XPS) measurement were obtained using
an AXIS Nova surface analysis spectrometer with a mono-
chromated Al Ka X-ray source and spatial resolution of <(3 X 3)
um?* (Kratos Analytical Ltd. UK).

Electrochemical Measurements. The electrochemical
characterization of graphite was carried out using the recently
introduced microdroplet electrochemical cell.*>*" Briefly, a
microdroplet of a 6 M LiCl aqueous solution (22—37 ym in
diameter), either pure or containing the redox mediator of
interest, was dispensed via a glass capillary using a pneumatic
pressure controller and handled using an electronic micro-
manipulator. The capillary contained both the Ag/AgCl
reference electrode (RE) and Pt counter electrode (CE),
while the contact area between the microdroplet and the
graphitic surface acted as the working electrode (WE), as
schematically shown in Figure 1la. This three-electrode
configuration was controlled by a PGSTAT302N potentiostat
(Metrohm Autolab). Cyclic voltammetry in pure 6 M LiCl
supporting electrolyte at scan rates in the range of 0.1-3.0 Vs~
was employed to measure the average interfacial capacitance
(Cine), calculated by the current integration over the applied
potential range (—0.2 to 0.7 V), using eq 3 in ref 43. Cyclic
voltammograms of the redox mediators recorded at scan rates in
the range of 0.1—3.0 Vs™! (Figure S1) were used to evaluate k°,
which was calculated using eq 26 in ref 44 for the peak-to-peak
separation (AE,) larger than 220 mV or eq 2 in ref 45 for AE, <
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220 mV, and averaged over the applicable scan rate range. The
mean diffusion coefficients of (2.7 + 0.1) X 107 cm? s™! for
[IrCl]**~ and (24 + 0.1) X 107° cm? s7! for [Ru-
(NH,)¢]**/**, used for the k° calculation, are averages of the
diffusion coeflicients of their reduced and oxidized forms,
measured by cyclic voltammetry and chronoamperometry at
polished Pt disk macroelectrode usmg the Randles—Sevéik and
Cottrell equations, respectively.”’ All measurements were

carried out within the temperature range of 295—301 K.

B RESULTS AND DISCUSSION

Selection and Characterization of the Graphitic
Surfaces. In order to directly compare the electrochemical
response of the basal plane and edge plane of graphite, we
mechanically exfoliated a single crystal of graphite with well-
defined basal plane and edge terrace regions as exemplified by
the optical images in Figure 1b. A microdroplet of solution is
then placed on either the basal plane or edge terrace surface, as
shown schematically in Figure lc, allowing for a localized
electrochemical measurement at the region of interest. Such
methodology has several advantages.

Carefully chosen NG crystals far exceed in quality the best
HOPG, assessed by their aforementioned large single crystal
domain spacing. The Raman spectrum of a high-quality basal
plane HOPG is free of the defect-activated D band, which is
otherwise present in disordered materials such as glassy
carbon.*® Indeed, no D band can be seen in the Raman spectra
of the basal plane of our NG graphite, while the edge terraces
exhibit a noticeable D band, as shown in Figure 2a. However, the
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Figure 2. Raman spectroscopy and AFM characterization of graphite.
(a) Raman spectra of the basal plane (green) and edge terraces (red).
The top inset shows a magnified region with the defect-activated D
band. The bottom inset shows a map of the D band intensity (Ip),
overlaid over an optical image of the region of interest. (b) 3D AFM
image of the edge terrace in Figure 1b. (c) 2D AFM image of the same
region. The inset graph shows the height profile of the terrace from the
region highlighted by the dashed lines.

average purity of our NG determined by XPS is ~93%, with the
bulk and adsorbate impurities consisting mainly of O (<5%), N
(1<%), F (<1%), and Si (<1%)," which is somewhat lower than
for a typical HOPG (~99%)."” The XPS mapping showed no
significant heterogeneity in the distribution of the major
elements across the surface of the edge terraces and basal planes

(Figure S2). While these impurities are likely to systematically
alter the average electrochemical response in comparison to
HOPG, they are unlikely to cause variation between individual

microdroplet measurements, averaged over areas of 400—1100

ym?>,

Another important characteristic of our system is the
proximity of the locations of the measurements on the basal
plane and edge terrace, which ensures that the applied potential
is essentially identical for both surface types, regardless of any
contact or sample resistance, and the directly comparable
electrochemical responses therefore differ only due to the
changes in the surface DOS. The microdroplet technique
employed here is an intermediate between the conventional
macroscale electrochemistry and scanning electrochemical cell
microscopy, with their typical supermillimeter and submicrom-
eter resolutions, respectively.

The gradual sloping of the selected edge terraces, exemplified
by the AFM images in Figure 2b,c, results in a similar geometry
for the edge and basal plane measurements. The overall step of
the edge terraces is kept below 1 pm, which is negligible in
comparison to the microdroplet size and thus minimizes
unwanted diffusional effects due to surface topography.
Furthermore, we used the AFM results to calculate the average
edge coverage at the terraces, which varied between 3 and 5%
and was used to estimate the electrochemical quantities of the
ideal homogeneous surfaces, ie., the perfect basal plane and
perfect edge plane.

Finally, we note that all the surfaces were aged in air for at least
24 h, and it was assumed that the deterioration of the
capacitance and ET rate due to the accumulation of airborne
organic contaminants progressed uniformly across the entire
surface and reached saturation at the time of the measure-
ment.*”**

Capacitance and Potential Window of the Basal Plane
and Edge Plane of Graphite. Figure 3ab shows cyclic
voltammograms on the basal plane and edge terrace of graphite
in a 6 M LiCl aqueous solution, which were used to determine
the interfacial capacitance (C,,). It is evident that C,
proportional to the current density, is higher for the edge
terraces with only about 5% edge coverage, compared to that for
the basal plane. The C,, averaged from several measurements
across the 0.9 V window yields 1.8 uF cm™ for the basal plane
and 2.8 uF cm ™ for the edge terrace. Similar values of 1-2 ,uF
cm ™ for the basal plane were previously obtained for HOPG.”
The high concentration of the 6 M LiCl supporting electrolyte
has several advantages. It prevents evaporation of the micro-
droplet, which would lead to undesirable concentration gradient
and convection effects. It suppresses side reactions on the
graphitic surface, thus allowing the integration of the non-
faradaic capacitive current over a wide voltage range (0.9 V).
Finally, it collapses the electrical double-layer contribution to
Cint to a single component, the Helmholtz layer capacitance
(Cy). We can therefore estimate the space charge capacitance
(Cgc) of the basal plane of graphite, reflecting its surface DOS,
from the following expression for capacitance in series:

1 1 1
=—+

Cint Csc Cu (1)

where Cy = 25 uF cm™2, determined as C,,, of a Pt electrode in
the same system (for metals Csc > Cy and therefore C, ~
Cy)->? For simplicity, we ignore the potential dependence of Cgc
and use the averaged Cy, for the calculation. Note that the Eg of

unbiased graphite corresponds to ca. — 0.13 V on the potential
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Figure 3. Capacitance and potential window of the basal plane and edge
terrace of graphite. (a, b) Capacitance measurement of the edge terrace
(red) and basal plane (green) of graphite measured by cyclic
voltammetry in 6 M LiCl at scan rate of 0.5 V s™". The vertical areal
component of the edge terrace was taken into the account when
calculating the current density and Cj,,.. (¢, d) Potential window of the
edge terrace (red) and basal plane (green) of graphite measured by
cyclic voltammetry in 6 M LiCl at scan rate of 1.0 V s™*, whose width
was arbitrarily estimated as a potential range, for which the current
density remains within +7 A cm™2. The insets show the microdroplets
on the surface, employed to obtain these measurements.

scale used here.””*>*! Equation 1 yields an average Cyc of 1.9 uF

cm™? for the basal plane, from which we can estimate the charge
carrier concentration n = 1 X 10" cm™, using the following
expression:2

(CSC ]2 ks T
e ) 2eg, )
where kg is the Boltzmann constant, T is the temperature, e is the
elementary charge, £ = 3. 3 is the relative static permittivity of the
basal plane of graphite,”” and &, is the permittivity of vacuum.
We can also estimate the average DOS of the basal plane as py, ;=
7 X 107* states atom ™' eV~ using the following expression:

_ _ G

Pras =

N 3)

Despite being calculated from capacitance averaged for a
range of potentials/energies, these values are much lower than
those calculated previously using the same method for the DOS
minimum at the Ey, of stress-annealed pyrolytic graphite (Cgc = 3
uEcm™, n=11x10"® cm™3, and p,,, = 2.2 X 107 states atom ™"
eV™").%>>* This suggests that the basal plane of the NG used
here indeed has one of the lowest defect densities.

We proceed to estimate the capacitance of the perfect basal
plane of graphite (C,,), ie, the 100% homogeneous basal
surface, based on the following expression:’

Cobs = Cbas(1 edg) + Cedgeedg (4)

where C, is the observed capacitance of the heterogeneous
surface, C.q; is the capacitance of the perfect edge plane of

graphite, and 0,4, is the fraction of the heterogeneous surface
covered by edges. We now substitute C,,, for C,, and make the
reasonable assumption that the DOS of the perfect edge plane is
high enough so that the Cgc > Cy. From this follows Cegg® Cy
~ 25 uF cm™% Using Cy, = Cops = 3.0 uF cm™2, obtained for a
single microdroplet measurement on an edge terrace with 0,4, =

0.053, we calculate Cp,, = 1.7 uF cm™2 Table 1 lists all the C,,

Table 1. Capacitance of the Basal Plane and Edge Plane of
Graphite

surface type Cipe (UF cm™2) Csc (MF cm™)
basal plane 1.8 + 0.1 1.9 +03"
edge terrace 2.8 + 0.2
perfect basal plane 1.7 £ 0.2° 1.9 +02°
perfect edge plane 25 + 67

“Averaged from several measurements. Calculated using eq 1.
“Calculated using eq 4 from a single measurement. “Estimated as Cy,
which was measured directly on a Pt electrode.

and Cg values. One can see that C,,, of the perfect basal plane
calculated from eqs 1 and 4 for a single measurement is nearly
identical with that of the average measured capacitance of the
“real” basal plane.

Determination of Cgc and related electronic characteristics of
the perfect edge plane is more problematic. According to eq 1
and the Cgc > Cy condition resulting from the high DOS of the
edge plane, C; of the perfect edge plane is dominated by Cy,
which renders the value of Cgc inaccessible. Some previous
studies reported extremely high values of C;,, for the edge plane,
ranging from 60 to 10° uF cm™%"">*>> However, as the analysis
above shows, the maximum value that C,,, can assume for a
purely nonfaradaic capacitance is Cy, which is typically on the
order of 15—40 uF cm™2 for most concentrated electrolytes.”™”
Such high C, values therefore do not reflect the change in the
surface DOS but rather other pseudocapacitive effects such as
faradaic redox processes, ion intercalation, or surface fracture
leading to an increase in the electrode area.

Figure 3c,d shows cyclic voltammograms in the 6 M LiCl
supporting electrolyte on the same edge and basal surfaces
extended to the full potential window where the side reactions
such as oxygen reduction and graphite oxidation occur. The
electrochemical potential window of the basal plane appears to
be ~0.4 V larger than that of the more reactive edge terrace. This
direct observation of the inherent electrochemical reactivity of
the edge plane is in agreement with the evidence of preferential
electrochemical oxidation at the graphitic edges from STM.>®

Electron Transfer on the Basal Plane and Edge Plane
of Graphite. Figure 4a,b shows cyclic voltammograms of the
[1IrC1,]°>~/%" and [Ru(NH,)¢]**/** oxidation/reduction on the
basal plane and edge terraces of graphite, respectively. We have
chosen these redox mediators, as there is no evidence of an
inner-sphere mechanism in their ET.°>*” They are both outer-
sphere in nature, characterized by their insensitivity to specific
surface groups, which allows us to only probe the effects of the
surface DOS on the ET rate. There is an apparent difference
between the two surfaces, with a smaller AE, of the reduction
and oxidation waves for the edge terraces, indicating faster ET
rate. The average k° values obtained from several independent
measurements are about 30 and 800 times larger on the edge
terrace than on the basal plane for [IrCls]*>" and [Ru-
(NH,)4]*/3, respectively (Table 2). This variation of k° on the
two different surfaces with differing DOS implies that the ET is
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Figure 4. Electron transfer on the basal plane and edge terrace of
graphite. (a, b) Oxidation/reduction of [IrCls]*/*~ and [Ru-
(NH,)]*/*, respectively, measured by cyclic voltammetry at scan
rate of 1 V s7! using a 3 mM mediator solution in 6 M LiCl. The
responses of both the basal plane (green) and the edge terraces (red)
are shown, alongside the k® determined from AE,. The insets show the
microdroplets used to perform these measurements with scale bars of
20 pm. The vertical areal component of the edge terrace was taken into
the account when calculating the current density.

Table 2. Electron Transfer Rates of [IrCl;]>~>~ and
[Ru(NH,)s]**/3" on Graphite

k° (cm s71)

surface type
basal plane
edge terrace
perfect basal plane
perfect edge plane

[IxCl, 3%~
(20+0.1) x 107*¢
(5.6 £0.7) x 1073
(9.1 +£0.1) x 10757
(1.6 £ 0.1) x 107!

[Ru(NH;)] /"
(1.1+£09) x 1076
(87 +2.0)x107*
(3.7 +0.6) x 10777
(1.5+03)x 1072°¢

“Averaged from several measurements. bExtrapolated from the k°
dependence on scan rate. “Calculated using eq 6 from a single
measurement.

nonadiabatic, i.e., the electronic coupling between the electrode
and redox mediator is weak, and the ET process is sudden. From
this follows that k° is governed by the following relationship
arising from the Marcus—Hush theory of ET:*°

2.0 0 \2
2 ﬂE (HER) e_i/‘”‘BT

A
phL+ 5)

where p is the DOS of the electrode at the standard potential of
the mediator (for metals, the DOS is generally assumed to be
independent of potential), H}y, is the electronic coupling matrix
between the electrode and redox mediator at close contact
between the two, 4 is the reorganization energy of the redox
mediator, /3 is the exponential decay coefficient of the electronic
coupling, and / is the Planck constant.

It has been shown previously that (unlike the capacitance as
shown above) the apparent ET rate of the basal plane cannot be
fully assigned to the perfect basal plane response. This is because

K=

even for a seemingly small coverage of the low-activity basal
surface by significantly more active edge/defect sites, the ET rate
will be dominated, or at least significantly affected, by the active
sites” contribution.>”®" As we will see below, this is also the case
for our “real” basal plane, which has the edge/defect coverage
well below the 0.1—1% estimated for the basal plane HOPG
previously.” The large k° of the “fast” edge plane will cause the
depletion of the diffusion layer from the surrounding volume
before the reaction has a chance to proceed on the “slow” basal
surface. This effect can be counteracted by significantly
increasing the scan rate, which reduces the diffusion layer
thickness around the edges, thus gradually accessing the
inherent activity of the perfect basal plane.

Some authors progosed that the basal plane might in fact be
completely inactive.”” However, this could only be true if the
electronic coupling between the redox mediator and the basal
plane were vanishingly small, since non-negligible DOS exist
across the whole range of 2potentials except near the Eg in
unbiased graphite/graphene.””*>** We attempted to estimate k°
of the perfect basal plane (kp,,), using an approach similar to that
for the capacitance, based on the following expression:

k(?bs = kl?as(l - eedg) + keodgeedg (6)

where kY, is the observed ET rate of the heterogeneous graphitic
surface and kgdg is the ET rate of the perfect edge plane of
graphite. However, it became apparent that this approach is
unsuitable due to the uncertainty in the determination of kgdg, as
seemingly reasonable values of kgdg can lead to nonsensical
answers such as kj,, < 0 or ki, > k3. As an example, using
[IrClg]>/? values of k3= 7.0 X 107> cm s™" and 6 = 0.042 (edge
terrace in Figure 4a), and kgdg =5x 1072 cm s™! (determined
previously for laser pulse-activated HOPG),** yields k2, = 5.1 X
107 cm s™', clearly an incorrect value, since it is higher than k0,
=22 X 10"* cm s™! measured directly on the “real” basal plane.
To circumvent this issue, we chose a different approach based
on our observation that even a very small edge/defect coverage
of the basal plane is manifested by the strong dependence of the
ET rate on the scan rate. We infer that this could be related to the
already discussed competition between the diffusion domains of
the perfect edge plane and the perfect basal plane.”** At slow
scan rates, the high activity of edges will cause expansion of their
diffusion layer well above a significant portion of the basal plane,
and the edges will dominate or substantially contribute to the
measured ET rate. At fast scan rates, the diffusion layer thickness
around the edges becomes small and the ET due to edges
irrelevant, due to their low surface coverage. If this is so, then we
can estimate ki, of [IrCl¢]*~/2 by extrapolating the k%, obtained
for the “real” basal plane in Figure 4a (green curve) to infinite
scan rate (Figure S3). This yields a more realistic value of ki, =
9.1 X 107 cm s~ for the perfect basal plane, which subsequently
allows an estimation of kgdg = 0.2 cm s~ ', The same approach
yields ks = 3.7 X 1077 cm s™" and kgdg =1.5x 107> cm s™* for
[Ru(NH;)¢]**/3* (Figure 4b). The k), values of both mediators
are one of the lowest determined for the basal plane HOPG,
while the k‘;dg value are near to those for glassy carbon.®*
Furthermore, k), and kgdg determined this way for both
mediators allowed us to estimate the edge/defect coverage of
the “real” basal plane from its k3, and eq 6 as ca. 0.01—0.1%.
Furthermore, we use the ET data and eq 5 to estimate the
DOS. Using Hip = 0.1 eV and = 1 A™, suggested by Feldberg
and Sutin,”” and A = 1.0 eV for both mediators (literature values
vary from 0.4 to 1.4 ¢V)**~* leads to a reasonable k° value of 2
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cm s~ for the DOS of Au (0.28 atom™ eV™').*® These
parameters produced the following DOS for the perfect basal
plane, pif; = 1 X 107> atom™ eV~ and pie = 6 X 107% atom™
eV, and for the perfect edge plane, pf,fdg =2x10"%atom ' eV!
and piy, =2 X 103 atom ™ eV}, where the " and ™ superscripts
denote [IrCl]>™/2 and [Ru(NH,)s]**/*, respectively. Despite
the uncertainty in the equation parameters and the discrepancy
between the DOS determined from k° and Cgc, we can make
several qualitative observations. First, the calculated DOS of the
perfect edge plane appears to be 2—3 orders of magnitude lower
than that of a good metal such as Au. Second, the DOS of the
perfect basal plane appears to be 3—S5 orders of magnitude lower
than that of the edge plane. These trends are reasonable, and
furthermore, the fact that piY < pit; reflects well the close
proximity of the formal potential (E”) of [Ru(NH,)]**/3* to
the DOS minimum near the Ej, in unbiased graphite (E* within
50 meV of Eg), in comparison to that of [IrCl]>~/* (E% ca. 1 eV
below Ep).

The above insights have strong implications for the shape of
the cyclic voltammograms. Notably, the [Ru(NH;)¢]*"/3*
oxidation/reduction waves on the edge terraces (red curve in
Figure 4b) are much broader than single electron transfer waves
ought to be. Similar broadening was previously observed for
[Fe(CN)]*/*" and initially attributed to the dependence of the
reaction transfer coefficient on potential® but later associated
with the overlapping diffusion regions of the edge and basal
planes.”?> The broader shape of the [Ru(NHj;)¢]*"/3*
voltammogram on the edge terrace with ~5% edge coverage
therefore is a convolution of two simultaneous reactions on the
edge and basal surfaces with significantly differing k°. The exact
shape of the voltammogram is determined by the interplay
between the size of the homogeneous domains on the
heterogeneous surface, relative activity of these domains, and
the scan rate, as alluded to above. To further validate this
explanation, we employed in situ exfoliation of the graphite flakes
using the capillary tip, a technique which we utilized previously
to study surface aging of graphite.”” This creates a heteroge-
neous surface containing spatially separated homogeneous
domains with differing k° and more balanced surface coverage.
Figure S shows that two sets of voltammetric waves for both the
fast and slow ET processes are now resolved in the cyclic
voltammogram.

Furthermore, the lack of reports on similarly distorted
voltammograms for [Fe(CN)4]*/3~, which should be seen for
a basal plane with a very low defect density as suggested by
simulations, was interpreted as evidence of a completely inactive
basal plane.”*” For a small number of cases on the basal plane
NG, we did observe such distortion, including the two sets of
voltammetric waves (Figure S4).

Qualitative Model of the Electrochemistry of Graph-
ite. Here we offer a qualitative overview of the role of defects in
the electrochemistry of graphite. The electronic properties of
graphite are the main determining factor for the nonadiabatic,
outer-sphere ET and the nonfaradaic capacitance. The DOS of
the perfect basal plane is a well-defined quantity, which can be
determined theoretically,””** while the DOS at the edges and
defects will largely depend on the edge termination and surface
groups. For example, it is currently unclear if zigzag onlyzs’é8 or
both zigzag and armchair’® terminations increase the DOS of
edges, or what effects different surface groups have on the DOS.
Although it has been questioned whether the low DOS of
graphite is the limiting factor for the ET rate,””*® the
conspicuous decrease of the ET rate on the basal plane in
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Figure S. Electron transfer on a surface with separate domains of
differing k°. (a, b) Oxidation/reduction of [IrCls]*~*~ and [Ru-
(NH,)]**/3, respectively, measured by cyclic voltammetry at scan rate
of 1 Vs™! using a 3 mM mediator solution in 6 M LiCl. Both responses
are recorded on a heterogeneous graphitic surface with separate
homogeneous domains of edge and basal plane surface, as well as the
“fresh” surface exposed to the solution by the tip of the capillary. The
apparent k° determined from the respective AE, values, indicated by the
red and green arrows, are also shown. The insets show the contact area
between the liquid and the surface.

comparison to the edge plane, observed herein and elsewhere for
a range of mediators, suggests that this indeed is the case and
that the ET is nonadiabatic. Charge carrier mobility is another
important electronic property of graphite, which has not been
discussed extensively in literature to date. It has been shown that
the in-plane mobility (and therefore conductivity) is over 3
orders of magnitude faster than the out-of-plane mobility.*” The
effects of mobility should be most notable for fast ET processes
where large currents need to be supported by the graphite
electrode.

We propose a qualitative model of graphite electrochemistry,
schematically shown in Figure 6, which relates the ET rate and
capacitance with the defect density of the basal plane. The defect
density can be arbitrarily expressed as the number of carbon
monovacancies per surface area. Furthermore, we assume a
linear dependence of the surface DOS on the defect density,
based on the proportionality of both of these quantities on the
surface area. Figure 6a shows a linear relationship between k°
and the defect density, according to eq S, for a nonadiabatic ET
process. The two curves represent “fast” and “slow” redox
systems, ie., those with comparatively small and large 4,
respectively, which is reflected by the differing slopes. In this
simplified comparative model, we assume that Hyy ® and E” are
similar for both redox systems. On the basis of our observations
and review of the literature to date, we propose that k° of a
specific redox mediator assumes a small, but nonzero value when
6 — 0. This value is determined by the DOS of the perfect basal
plane at the energy level corresponding to the E* of the redox
mediator. The DOS dependence on potential/energy, if shown,
would add another dimension to the graph in Figure 6a, with an
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Figure 6. Schematic dependence of the electrochemical properties on
the defect density of the basal plane of graphite. (a) Nonadiabatic ET
rate dependence on the defect density of the basal plane, for a fast redox
system with a small 4 (top curve) and a slow redox system with a large 4
(bottom curve). The slope of this dependence increases with the Hyy ©
and decreases with 4, and k° is limited by the DOS of the perfect basal
plane when 6 — 0. (b) Dependence of Cy (top curve) and C,,,, (bottom
curve) on the defect density of the basal plane. Cs¢ and C,,, converge to
the same, DOS-limited value for 8 — 0.

approximately parabolic increase of the DOS; therefore k% on
either side of the Ep in unbiased graphite, as discussed above.
The results for [Ru(NH;)s]**/>" suggest that the DOS, and
therefore k° could potentially vanish to zero near the Ey in
graphite/graphene. In the high defect density limit, the
breakdown in the long-range crystallinity of the graphitic lattice
leads to a decrease in carrier mobility, and in turn, to a decline in
the ET rate. This model of k° dependence on defect density is
supported by a direct correlation between the scanning
electrochemical microscopy and Raman spectroscopy of Ar*
irradiated graphene surface, which was achieved as a means to
quantification of the ET dependence on the defect density."*
These results revealed an approximately exponential depend-
ence of k° on the logarithm of the defect density, with a sharp
decline beyond ~8 X 10'* cm™?, in agreement with our proposed
qualitative model.

The dependence of capacitance on the defect density is
schematically shown in Figure 6b. Csc is proportional to the
square root of DOS (and therefore to the defect density),
according to eq 3. Cy, obeys eq 1, which leads to a normalized
square root dependence asymptotically approaching Cy for large
DOS. Both Cy¢ and C,,, converge to the same value for 6 — 0,
which is determined by the DOS of the perfect basal plane of
graphite. The capacitance should also be limited by the
decreasing carrier mobility in the limit of a high defect density,
similar to the ET.

B CONCLUSIONS

In summary, we studied the electron transfer and capacitance on
natural graphite with the aim of deconvoluting the relative
contributions of the perfect basal plane and perfect edge plane to
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these electrochemical quantities. This was achieved by a
localized measurement using a microdroplet electrochemical
cell deposited at locations on the graphitic surface, whose exact
edge coverage was determined by AFM. We found that the
perfect basal plane had a small but nonzero ET rate, while the
perfect edge plane had an ET rate close to that of glassy carbon.
The difference between the ET rate of the perfect basal and
perfect edge plane was about 3 orders of magnitude for
[IrClg]3/>~ and about 5 orders of magnitude for [Ru-
(NH;)¢]**/%, respectively. The interfacial capacitance in 6 M
LiCl supporting electrolyte was found to increase by about an
order of magnitude from the space charge capacitance limit for
the perfect basal plane to the electrical double-layer limit for the
perfect edge plane. The estimates from the ET and capacitance
data suggested a small, but nonzero value for the DOS of the
basal plane, possibly vanishing to zero near the Eg in unbiased
graphite. On the basis of our results and the retrospective
analysis of the relevant literature, we proposed a qualitative
model for the dependence of the ET rate and capacitance on the
defect density of the basal plane of graphite. Our findings offer
new insights into the long-debated electrochemistry of the basal
versus edge plane of graphite and serve as a guide for better
utilization of graphite in fundamental research and applications.
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