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ABSTRACT The electrochemical (EC) behavior of mechanically
exfoliated graphene and highly oriented pyrolytic graphite (HOPG)
is studied at high spatial resolution in aqueous solutions using
Ru(NH;)¢ 2+ as a redox probe whose standard potential sits dose
to the intrinsic Fermi level of graphene and graphite. When scanning
electrochemical cell microscopy (SECCM) data are coupled with that

from complementary techniques (AFM, micro-Raman) applied to the
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basal planes and step edges is revealed. In contrast, other redox couples (ferrocene derivatives) whose potential is further removed from the intrinsic Fermi level

of graphene and graphite show uniform and high activity (close to diffusion-control). Macroscopic voltammetric measurements in different environments reveal

that the time-dependent behavior after HOPG cleavage, peculiar to Ru(NH;)s

3+/2+

, is not associated particularly with any surface contaminants but is

reasonably attributed to the spontaneous delamination of the HOPG with time to create partially coupled graphene layers, further supported by conductive AFM

measurements. This process has a major impact on the density of states of graphene and graphite edges, particularly at the intrinsic Fermi level to which

Ru(NH;)¢> 2+ is most sensitive. Through the use of an improved voltammetric mode of SECCM, we produce movies of potential-resolved and spatially resolved

HOPG activity, revealing how enhanced activity at step edges is a subtle effect for Ru(NH;)> /2. These latter studies allow us to propose a microscopic model

to interpret the EC response of graphene (basal plane and edges) and aged HOPG considering the nontrivial electronic band structure.
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he significant potential of graphene
Tin next generation electronic,' optical,?

mechanical,® and chemical devices® is
greatly enhanced by the additional possibil-
ities that can be introduced by graphene
edges.’ The strong influence of graphene
edges, which can have either armchair (AC)
orzigzag (ZZ) termination,® 8 on the electronic
band structure of graphene nanoribbons,®>'°
in particular, exemplifies the importance of
understanding the physicochemical properties
of this structural motif in detail. Previous ex-
perimental studies of graphene (and graphite)
edges include the use of scanning tunneling
microscopy and spectroscopy (STM/STS),” 12
transmission electron microscopy (Tl EMm),">—17
and micro-Raman spectroscopy.'®'® These
investigations have shown that ZZ and AC
graphene edges have distinctly different elec-
tronic states and scattering properties as well
as unique chemical features.
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Graphene is attracting considerable inter-
est in electrochemistry,?°~2? particularly for
various energy-related applications.”* %
Electrochemistry also plays an important
role in graphene technology, for example,
for edge functionalization,?® 2% which can
greatly influence the properties of meso-
scopic graphene structures.”>** However,
despite macroscopic,*° microscopic,®’ and
indirect®®?® attempts to reveal the electro-
chemical (EC) behavior of graphene step
edges, there are considerable gaps in knowl-
edge particularly pertaining to fundamental
microscopic structure—function correlations.

The edge state at graphene or graphite
edges, predicted theoretically®*? and ob-
served experimentally with STS,'07"2 re-
sults in an increase of the density of states
(DOS) near the intrinsic Fermi level of the
uncharged basal plane of graphene. An
important question in electrochemistry is

VOL.9 = NO.4 =

* Address correspondence to
p.r.unwin@warwick.ac.uk,
a.g.guellewarwick.ac.uk.

Received for review January 25, 2015
and accepted March 10, 2015.

Published online March 10, 2015
10.1021/acsnano.5b00550

©2015 American Chemical Society

3558-3571 = 2015 ACS /\[ 3558

www.acsnano.org



10 um 10 pm

(o)
3 20 §
«Q o
= 2
5 405
3 2

o

L)

10 um

Figure 1. Multimicroscopy of exfoliated graphene (from ZYA grade HOPG) on a Si/SiO, substrate. (a) Optical microscopy
image (dashed lines define the boundaries between the graphene sample and Si/SiO, substrate), (b) AFM topographical
image, and (c) SECCM EC map for the reduction of Ru(NH3)53Jr (5 mM in 25 mM KCl and phosphate buffer, pH = 7.2). The EC
map was acquired at a potential E;,, = —0.464 V (= —0.198 V) and 2 um s~ ' probe scan rate. For the EC current map, the color
scheme was applied only when the EC current value is detectable above 3 times the background current (200 fA); otherwise,
it was assigned the black color and coincides with the Si/SiO, substrate. In (b), the two areas labeled A and B exhibiting the

lowest EC currents are analyzed in detail in Figure 2.

whether this leads to different electroactivity com-
pared to the neighboring basal surface of graphene
(or graphite). For a wide range of reactions, we**** and
others®*37 have shown that the basal surface of
freshly cleaved graphite has high intrinsic EC activity
that dominates the macroscopic behavior, on typical
voltammetric time scales (mass transport rates), such
that even if step edges have higher activity it cannot
easily be seen against the basal activity***° and is not
significant in respect of the overall activity. Here, we dem-
onstrate that on graphene the step state can be detect-
ed through the local EC activity of the Ru(NHs)e> /%"
couple, whose redox potential lies close to the intrinsic
Fermi level of uncharged graphitic materials®® (for brev-
ity, we will omit “uncharged” later in the text when
referring to the intrinsic Fermi level). Indeed, in a recent
study, we demonstrated Ru(NHs)s>™"?* as a suitable
couple to distinguish between metallic and semiconduc-
tor single-walled carbon nanotubes (SWNTs), 3% as the
band gap of semiconducting SWNTs coincided with the
Ru(NH;)¢> 2" redox potential. On the other hand, for
species whose redox potential is far removed from the
intrinsic Fermi level (e.g., ferrocene derivatives), we show
that the edge state of graphene cannot be distinguished
against the high activity of the basal surface.

In this report, we make considerable use of scanning
electrochemical cell microscopy (SECCM)*' to image
both exfoliated graphene and highly oriented pyrolytic
graphite (HOPG) at high spatial and potential resolu-
tion. The ability to build up high-resolution maps of EC
activity from thousands of sub-micron-confined mea-
surements, in combination with complementary micros-
copy techniques, AFM and Raman, provides detailed
insights into the EC activity of the main structural
motifs—the basal plane and step edges.

RESULTS AND DISCUSSION

High-Resolution Electrochemical Imaging of Graphene. We
first consider a large area (30 um x 30 um) of exfoliated
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graphene on Si/SiO, (see Methods) comprising regions
with single-layer graphene (SLG), bilayer graphene
(BLG), and few-layer graphene (FLG), as well as a
high density of step edges. This sample allowed
the simultaneous assessment of the EC activity of
different numbers of graphene layers and step edges
within the area interrogated. The sample, located by
optical microscopy (Figure 1a) and visualized by AFM
(Figure 1b), was imaged by SECCM with a probe end
dimension (droplet size) of 400 nm (see Supporting
Information (SI), section S1, Figure S1-1). A typical EC
map for Ru(NHs)s>" reduction at a potential of Eqy, =
—0.464 V vs Ag/AgCl, 0.1 M KCl, to which all potentials
are here onward referred, with cathodic overpotential
n = —0.198 V, is shown in Figure 1c. A significantly
lower current is seen at the thinner graphene layers,
especially in the graphene zones within the areas
marked “A” and “B” in Figure 1b. Thicker layers, which
appear as darker flakes*>*® in the optical image in
Figure 1a, show higher activity as manifested in the
higher current magnitude. This behavior is consistent
with the reported trend of lower EC activity with lower
number of graphene layers3'** Most strikingly, it is
evident that the regions of apparently highest activity
can be attributed to step edges, although not all step
edges exhibit higher EC current compared to the basal
surface. Higher EC activity was also found at HOPG step
edges with Ru(NH3)s>™2",*® but the activity difference
was much less pronounced. Although different edge
chirality gives rise to different electronic states”'" and
could therefore cause the different EC activity, it is
highly unlikely that a constant chirality would be
maintained along the entire step lengths,”'® which
extend up to tens of microns in certain cases (see
Figure 1). We analyze the step edge activity in detail
below.

The most distinct difference in basal surface activity
was seen between SLG and BLG, and to assess in detail
the EC activity of these regions, the two areas marked
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Figure 2. (a) Two areas marked in Figure 1b, labeled area A and area B studied in detail with three microscopies: AFM (map on
the LHS); micro-Raman spectroscopy (map with the number of graphene layers obtained by Raman spectroscopy, detailsin SI,
section S2); SECCM EC map for the reduction of Ru(NH3)s>" (5 mM in 25 mM KCl and phosphate buffer, pH = 7.2) acquired at
potential Eg,,, = —0.464 V (7 = —0.198 V). Histograms of experimental current data are also presented. The black arrows
indicate the position of a monatomic step between SLG and BLG in each map. The color scheme for the SECCM EC map has
been segmented according to the peaks in the histogram of all data points. (b) EC current data points from the SECCM EC
maps for both zoomed areas plotted as histograms. (c) Two SECCM scan profiles on the transition between SLG and BLG in
area A and area B as well as schematics of an exposed and covered step edge.

in Figure 1b were analyzed with micro-Raman
spectroscopy.*® From the spatially resolved Raman
spectra, a map of the sample in terms of number of
graphene layers (process described in detail in the SI,
section S2, Figure S2-3) was obtained and is presented
together with AFM topographical maps and SECCM EC
maps in Figure 2a. To allow the SLG versus BLG areas to
be seen easily, only these areas are plotted in true color,
while the rest are faded (the unmodified SECCM EC
maps are presented in the SI, section S3, Figure S3-1).

In addition to the large volume of data points
obtained with SECCM, the technique provides a set
of complementary maps obtained simultaneously with
EC imaging (see S, section S3) that were used to
confirm the reliability and stability of the meniscus
probe during measurements. This is especially relevant
for our sample, which possesses large differences
in wettability between graphene and Si/SiO,. These
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differences may cause the meniscus to be dragged or
distorted at boundaries where there is a change in
surface chemistry,*® as exemplified with a slight varia-
tion in EC current in Figure 1c, near the ends of the
graphene (note the probe scanned from left to right).
This is particularly evident from the complementary
ion conductance maps presented in SI, section S3,
Figure S3-1, for example. Thus, only data within the
graphene sample were considered for quantitative
analysis.

The EC current measured within a particular gra-
phene facet showed high homogeneity. This is clear
from the maps in Figure 2a and the fairly narrow
distribution in the EC current histograms in Figure 2b.
This behavior is consistent with previous data
on sp? carbon materials such as graphene,***¢~%°
HOPG,>*34%9752 and SWNTs394%%35% As evident in
Figure 2a, within a particular facet, graphene is a fairly
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homogeneously active electrode on the scale of the
measurements (defined by the probe size). However,
as pointed out above, SLG exhibits substantially less
activity with currents of 8 += 1 pA, (1 standard deviation,
SD), compared with BLG currents of 15 + 1 pA (1 SD)
(Figure 2b). Interestingly, while the EC current values
for BLG are rather consistent between the two imaged
areas (A and B), as seen in Figure 2b, there is a bigger
relative difference between SLG areas. This can be
attributed to the strong influence of the substrate on
the graphene properties, which is more significant for
SLG than for BLG. The presence of oxide and polar
impurities on silicon—silicon oxide substrates results in
the appearance of electron—hole charge fluctuations
(or puddles) on graphene,®® which influence graphene
reactivity.>® Thus, heterogeneity of the substrate
can be transferred to the SLG graphene and is seen in
our high-resolution EC measurements. This reasonably
explains the differences observed between the two SLG
areas. In contrast, in BLG, the fluctuations exist but are
much weaker®’ as the top graphene layer is screened by
the bottom graphene layer, resulting in more consistent
EC current values between the different BLG layers.

The difference in current between SLG and BLG
(Figures 1 and 2) and the higher EC current for thicker
graphene layers is qualitatively consistent with an
increase in the DOS with the number of graphene
layers.>® It is important to point out that with other
outer-sphere mediators, whose redox potential was far
removed from the intrinsic Fermi level, such as
ferrocenylmethyl(trimethylammonium) (FCTMA™2™),
a uniform activity was seen, irrespective of the number
of graphene layers and with no noticeable enhance-
ment at the step edges, but this is a fast process (close
to diffusion-control), making it difficult to resolve
kinetics.

A finite element method (FEM) model was
developed®®®® to analyze the measured currents
on SLG and BLG (see details in SI, section S5) for
Ru(NH3)s> 2%, using an effective heterogeneous
electron transfer (ET) rate constant, ke, for a given
overpotential/image. This enabled us to avoid suppo-
sitions about models of ET kinetics, for reasons that
will be explained later. The following boundary con-
dition (eq 1) was considered, in which ke was the
only variable.

FDOX(3C0x/32)z:o = kél:f)fplane)cox (1)

where F is the Faraday constant, Co, is the near-
interface (z = 0) concentration of Ox = [Ru(NH3)s> "1,
which has an effective diffusion coefficient, Do, =
9.2 x 107® cm?s™', incorporating the SECCM electric
field effect on mass transport (as determined from the
limiting current in this setup).>*%° Given the relatively
high cathodic overpotential (y = —0.198 V), values of
Kottt for SLG of 6.7 x 1073 cm s~ and kego-® for
BLG of 1.4 x 10~ 2cm s~ " highlight the relatively slow
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ET kinetics of this material for Ru(NHs)s> /2" as found
in some previous studies.*’81:52

Further analysis of areas A and B reveals a striking
difference in EC activity at monatomic steps, with
either a very high EC current at a monatomic step
edge (marked by arrows on the AFM, micro-Raman,
and SECCM images of area A of Figure 2a) or an
undetectable change in EC current across a step
(marked by arrows in area B of Figure 2a). Representa-
tive SECCM scan profiles of the EC currents across these
steps are presented in Figure 2c and clearly highlight
this difference in behavior. Ruling out the effect of
edge chirality'>'%%% over long distances (see above),
we propose that the step edge showing the enhanced
activity is one that is directly in contact or accessible to
the solution, while the step edge that does not show
enhanced activity compared to the surrounding basal
areas (area B) is a step covered by a contiguous top
graphene screening layer.®*%> Both types of steps can
be reasonably expected from the mechanical exfolia-
tion transfer process. These different configurations
are shown schematically in Figure 2c. The curvature at
the edges, shown schematically, has been observed on
graphite®® and high-quality graphene nanoribbons.'?
The screening capabilities of graphene also explains
why, in Figure 1¢, despite a large number of apparent
graphene edges, many do not show enhanced activity,
suggesting that they are situated beneath monolayer
(or multilayer) graphene. We further consider below
the origin of the apparent step edge activity seen
specifically with Ru(NHs)s>™>" based on enhanced
DOS at edges”'"'? and the location of the redox
potential that is close to that of the intrinsic Fermi level
of graphite (and graphene).

Detailed Analysis of Step Edge Activity. By means of the
AFM image (details provided in S, section S2), the EC
active step edges were categorized based on the
number of monatomic step edges, assigning a value
of 335 + 50 pm height per monolayer step.®” A sche-
matic map of the EC active steps that were considered is
given in Figure 3a, assigning each step into a particular
category: overall heights of 1, 2, 3, and 6 monatomic
steps. Steps at the boundaries of the graphene sample
(with Si/SiO,) or segments where steps merged were
not considered for the analysis and are assigned a gray
color in Figure 3a (see SI, section S2, Figure S2-1).

In order to clearly detect the differences in EC
current at step edges, the sample was reimaged by
SECCM at a lower potential of Ey,, = —0.364 V, 57 =
—0.098 V (Figure 3b). While the basal plane terraces
of graphene show very low EC currents (=5 pA; see
Figure 3b,c), the step edges show much higher current
(by up to a factor of 10). A zoom of the area delineated
by dashed white lines in Figure 3b is presented in
Figure 3c. The intrinsic EC activity of the step edges
present in this region was analyzed with nano-
scale spatial resolution, by considering SECCM scan
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Figure 3. (a) Color map categorization of the number of monatomic step edges (based on AFM data) for enhanced EC active
step edges on graphene. Colored in gray are the step edges that were unresolvable precisely by AFM and edges at the
graphene—silicon boundary. (b) SECCM EC map for the reduction of Ru(NH3)53+ (5 mM in 25 mM KCI and phosphate buffer,
pH = 7.2), with the exfoliated graphene sample at a potential E,;, = —0.364 (7 = —0.098 V). The two black arrows mark a box
delineated with a white dashed line which is zoomed in (c). In (c), a forward (black line) and reverse (red line) SECCM EC scan
profile of the segment marked with a black dashed line is shown. The peak currents of each step edge accessed were assigned
to a color-coded dashed line as in (a). (d) Histograms of the step edge SECCM EC current shown in (b) according to the step
edge categorization. Regions where the measured EC current corresponded to the contribution of multiple independent
steps (example of merged steps marked with asterisks in the map in (c)) were discarded in the analysis. () Plot comparing the
experimental EC peak current for step edges and simulated response as a function of the number of monatomic steps making
up an edge. The simulation, outlined in the text and in SI, section S5, used keg® P2 = 3.4 x 1073 cm s and ke P =
6.8 cm s~ '. The dashed red line shows the simulated EC peak current obtained for the limiting value of a step edge formed by

10 monatomic steps.

profiles 39493354 As the redox current is collected
continuously at intervals of about 10 nm along each
line, EC scan profiles revealed the step edge activity as
the SECCM probe moved from the basal surface across
the step edge and over the basal surface on the other
side of the step. Thus, there is a gradual increase of EC
current as the meniscus moves over a step edge, which
serves to increase the amount of step edge accessed
by the meniscus cell. 3%4%33% The peak current value is
achieved when the maximum length of step edge is
wetted by the meniscus (probe directly over the step),
falling in magnitude as the probe moves on. The
consistency of values within the same step and be-
tween different steps of the same overall height is
confirmed by the fairly narrow distribution of the peak
current values (Figure 3d) for each type of step, dis-
cussed further below, and by the excellent match
between forward and reverse scan traces (Figure 3c).
It is clear from the EC scan profile presented in
Figure 3c (black dashed scan line marked in the
zoomed area in Figure 3c), where seven individual step
edges of different height are accessed, that there is a
strong effect of step height on peak current. To expand
the analysis, EC peak currents were collected and
plotted as the histograms in Figure 3d, against the
number of monatomic steps making up the overall
step feature determined by AFM (steps of 1, 2, 3,and 6
monolayers). This analysis reveals that the EC current
increases with the number of step edges (overall step
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edge height). The FEM model, outlined above and in S,
section S5, was extended to analyze the peak currents,
to determine quantitatively how the current scaled
with the number of monatomic steps in a particular
edge. In this case, we first determined the effective rate
constant for the area free from the steps, that is, the
basal plane, ker® P2, yielding keg® PP =34 x
1072 cm s~ ". Note that although the driving force for
this image was 100 mV less than in Figure 1 and 2,
kest® P9 is on the same order as that for the SLG and
BLG measured in Figure 1, consistent with much higher
activity of ultrathin graphite compared to SLG and BLG.
Then we found the effective rate constant when the
probe meniscus was on the steps. Based on the peak
current over the edges comprising only monatomic
steps, we found keg**®® = 7 + 3 cm s~’, and this value
was found to predict the current well for all other
overall step heights, confirming the trend seen experi-
mentally (Figure 3e). The fact that we see one peak in
the EC image and AFM image tells us that steps are
closely spaced, but the kinetic analysis tends to sug-
gest that the monatomic steps making up an edge are
independent. The computed current for 10 monatomic
steps in an edge approached the value of 47 pA
(Figure 3e). This is close to the maximum of 50 pA seen
experimentally, with the slightly higher experimental
values due to exceptional cases such as step edges
merging (marked on Figure 3c with an asterisk) or
widely spaced multiple steps (distinguishable by
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Figure 4. (a) SECCM probe employed for nanoscale SECCM imaging. SECCM EC map for the reduction of Ru(NH;)s*" (2 mMin
25 mM KCl and phosphate buffer, pH = 7.2) at ZYA grade HOPG acquired at a driving potential of 5, = —0.414 V (7 = —0.067 V)
at different times after exfoliation: (b) 10 min (start of scan); (c) 3 h (start of scan). Typical SECCM scan profiles, marked with a

black dashed line on the maps, are also shown.

AFM but unresolved by SECCM) (see SI, section S2,
Figure S2-1).

Comparison to High-Resolution EC Imaging at HOPG. While
step edges on graphene are clearly seen with
Ru(NH;)s>""%", previous work employing SECCM on
freshly cleaved HOPG samples with the same redox
couple did not exhibit this behavior,**** and we seek a
rationalization. There are two main differences be-
tween the HOPG and graphene samples: (i) the time
that elapses between the exfoliation and the EC studies
and (ii) the number of graphene layers. The time effect
is certainly a factor to consider because, under ambient
conditions, contaminants that could accumulate on
graphite/graphene surfaces, as well as other issues,
may influence on EC response of HOPG.3**"%8 Note
that, for many graphene studies, there is an unavoid-
able time lapse (of at least a few hours) from the
exfoliation of the sample to the final characterization
(as an electrode, which requires localization of the
graphene on a substrate, establishment of the elec-
trical contacts and the formation of an appropriate EC
cell). In contrast, HOPG can be studied as an electrode
shortly (within a few seconds for macroscopic studies)
after cleavage if the HOPG is already mounted suit-
ably3* To investigate the effect of time on the EC
response of HOPG, we carried out a set of measure-
ments: (i) as soon as possible after fresh cleavage and
(i) after >3h, being commensurate with the minimum
elapsed time for studies of exfoliated graphene. We
used both SECCM and also macroscopic electrochem-
istry in a droplet-cell configuration (see Methods).

To ensure that sufficient step edges were accessed,
a ZYA grade HOPG sample was used with a step edge
density (between 0.1 and 0.7 um um~2)>** slightly
higher than that of AM grade HOPG (see Methods for
description of HOPG grades). Consequently, to resolve
any spatial heterogeneity in EC activity, a sub-100 nm
diameter SECCM probe was used (e.g., 90 nm for
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Figure 4a). Such a resolution, the smallest aerial foot-
print ever achieved by a factor of >5 for the SECCM
technique,*’ is comparable to alternative EC imaging
techniques, such as SECM-AFM,3>366970 byt with a
much simpler probe preparation and operation,
together with the possibility of acquiring a diverse
set of complementary maps which are very infor-
matiVe.39'43'45'54

Figure 4b,c shows SECCM EC maps for the reduction
of Ru(NHs)6> " (2 mM) at a driving potential of Eg, =
—0414 V (n = —0.067 V) at different times after
exfoliation, specifically, 10 min, marking the start of
the image (image duration 20 min), and 3 h, respec-
tively. On the 10 min sample (Figure 4b), the EC map is
largely featureless, exhibiting a homogeneously active
surface (some inactive points, blue, are due to detach-
ment of the nanodroplet during imaging, as confirmed
with the ion conductance current complementary map
provided in SI, section S3, Figure S3-2a). This result of
homogeneous activity is in agreement with previous
work at the micro->*** and macroscopic®*>'°%7172
scale, at a range of driving forces, including well below
the diffusion limit. Interestingly, in light of a recent
suggestion that the electroactivity of the HOPG basal
plane could be controlled by point defects,’® the
spatial resolution of this probe (~7rpiper” < 0.01 um?)
is particularly powerful as the point defect density
on cleaved HOPG, estimated to be in the range of
0.1—-10 um™27*"78 means that for most positions on
the basal surface the pipet would have been located in
regions with no point defects, yet the basal plane
activity appears uniform and high.

In contrast to Figure 4b, the aged sample (Figure 4c)
exhibits an enhanced EC current at the step edges
compared to the basal surface. The EC current at the
edges attains values between —4 and —5 pA above a
background current of —2 pA assigned to terraces.
Although the overall EC activity of HOPG has decreased
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significantly with time, a direct quantitative compar-
ison of EC current values in Figure 4b,cis difficult due to
notable differences in sample wetting by the meniscus,
as indicated by the much lower ion conductance
current for Figure 4c than for Figure 4b (see S,
section S3, Figure S3-2). Nonetheless, the distinctly
higher step edge activity with Ru(NHs)s> >+ on “aged”
graphite is at least qualitatively consistent with the
observations on graphene.

To assess both the effect of time and possible
airborne contaminants on the EC activity, macroscopic
measurements were carried out by employing a drop-
let EC cell configuration®® (see Methods) on two
extreme grades of HOPG in terms of step edge density,
AM and SPI-3, with low (0.09%) and high step edge
coverage (31%), respectively.3*>' The simple and fast
assembly of this EC cell allowed experiments to be
carried out within a few seconds after HOPG exfoliation
(if required), with minimal mechanical stress applied
to the sample’® and in a glovebox under N,, again if
required (see Methods). Cyclic voltammograms (CVs)
for Ru(NH3)6>" reduction were run on AM grade HOPG
that was freshly cleaved (droplet placed on the surface
in <2—3 s) and on surfaces aged under different
environmental conditions for 8 h after exfoliation, that
is, in air and in a N, atmosphere glovebox. A remark-
able difference was observed in the voltammetric re-
sponse between fresh and aged samples (Figure 5a),
changing from an essentially reversible transient
(planar diffusion) response on the CV time scale
(freshly cleaved surface) to one that was more
reminiscent of diffusion to a microelectrode array
(with some background current), that is, steady-state
diffusion, irrespective of the environmental conditions
for aging (see Methods for details). That similar beha-
vior was seen in air and, under a much purer environ-
ment, allowed us to reasonably rule out adsorbed
contaminants®® as being responsible for the change
in macroscopic voltammetric behavior.

Rather, we propose that the dynamic evolution of
the EC activity of HOPG with time is due to a sponta-
neous delamination of the topmost graphene layers
from the remainder of the graphite block. This is
a feasible option considering the lamellar structure
of HOPG,%>®” the weak interplanar interaction,®° and
ready structural failures from twisting between
layers.®" We note that delamination could, further, be
accentuated by the method of exfoliation or by the EC
cell employed, for example, if it introduced additional
mechanical stress.”® Thus, HOPG samples that are aged
(or badly cleaved) approach a scenario similar to
(multi)layered graphene on top of the remainder of
the HOPG block, with some flakes substantially elec-
tronically decoupled, leading to a random microelec-
trode array scenario, consistent with the voltammetric
data for aged AM grade HOPG (Figure 5a). Indeed,
conductive AFM (C-AFM) experiments carried out on
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Figure 5. Cyclic voltammograms for the reduction of Ru-
(NH3)63+ (0.25 mM in 0.1 M KCl) at 10 V s~ on HOPG that
was either freshly cleaved or aged for 8 h (in air or a nitrogen
atmosphere). (a) AM grade HOPG and (b) SPI-3 grade HOPG.
(c) Cyclic voltammogram for the oxidation of FcTMA™
(0.25 mM in 1 M KCl) on AM grade HOPG at 0.1V s .

HOPG proved that there was a significant decrease in
conductance current within minutes (followed up to
100 min) after exfoliation for both AM and SPI-3 grade
HOPG, but with the heterogeneities on a finer scale for
SPI-3 HOPG, where the graphite crystallite size is much
smaller (see SI, section S2, Figure 52-2).3*

When macroscopic experiments were carried out
on an SPI-3 sample with high step density (Figure 5b),
the CVs exhibited reversible behavior, independent of
the time elapsed after exfoliation and the environmen-
tal conditions (air or inert atmosphere). Since the
density of step edges is much higher on SPI-3 HOPG
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Figure 6. SECCM EC maps on AM grade HOPG and scan profiles (line marked on the map by a dashed line) for the oxidation of
(a) FCTMA™ (1 mM in 25 mM KCl and phosphate buffer, pH = 7.2) at a driving potential £, = 0.236 V ( = —0.010 V), 5 h after
exfoliation; (b) ferrocene carboxylic acid (FCCOOH), 0.4 mM in 25 mM KCl and phosphate buffer, pH = 7.2, at a driving potential
Esub = 0.136 V (7 = 0.002 V), 7 h after exfoliation. The small change in EC current across the image (top part of the map with
respect to the bottom part) is due to small drift with time in the ion conductance current (see Sl, section S3).

(~31% coverage compared to the basal surface)** and

these sites have enhanced activity with Ru(NHs)g> /%"
(see above), the macroscopic response thus appears
reversible on the time scale of CV measurements.

The total, or partial, detachment of the topmost
layer(s) from bulk graphite has important electronic
implications, as this detachment leads to a decoupling
between the graphene layer(s), with a consequent
decrease in the DOS.”®%® Moreover, the DOS could
reasonably become sufficiently low to impact the ET
kinetics.®2? The decrease in DOS from graphite to
graphene is especially significant at the intrinsic Fermi
level.5#683 Because the standard redox potential
of the Ru(NHs)s> 2" couple is close to the potential
of zero charge (PZC) of graphene (and graphite), where
the DOS for (undoped) graphene is theoretically zero
(see S, section 54),%® the measured kinetics employing
this redox mediator are evidently strongly affected
by an evolution from the graphite to graphene band
structure. On the other hand, the step edge state on
graphene” "% is represented as a peak in the band
structure at the intrinsic Fermi level, and as such, this
higher DOS would enhance the EC activity at the step
edge for the reduction of Ru(NH;)s>". Graphite edges
also display step edge states,”'®* but the basal plane
of graphite has significant DOS at the intrinsic Fermi
level (0.0022 states/atom/eV, ref 85), making it more
difficult to detect an edge state on the freshly cleaved
surface®*3* (see above). Indeed, the DOS of graphite
may be sufficiently high for all outer-sphere redox
processes to be in the adiabatic regime,®®®” such that
there would be no difference between the edge and
basal surface on freshly cleaved HOPG.

Further outer-sphere redox couples, specifically
ferrocene derivatives, were selected for study whose
redox potentials were further away from the intrinsic
Fermi level3® Macroscopic CVs realized on AM
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grade HOPG (Figure 5¢ for FCTMA™ oxidation) revealed
areversible response for both a freshly cleaved surface
and one aged (8 h in air). This behavior, for a grade
of HOPG comprising mainly extended terraces of
basal plane, contrasts with that for Ru(NHs)s> 2"
This fast reversible behavior for FECTMA ™2™ allows us
to rule out the possibility that the sluggish kinetics
observed in Figure 5a for the reduction of Ru(NH3)s>*
was a result of macroscopic ohmic drop in the (aged)
material.

To back up this analysis, nanoscale EC imaging by
SECCM on aged samples (Figure 6a,b) showed homo-
geneous activity for the oxidation of 2 mM FCcTMA™ at
Esup = 0236 V (y = —0.010 V) and 0.4 mM ferrocene
carboxylic acid, FcCOOH (pH =7.2) at £, =0.136 V (1 =
0.002 V). This is similar to the behavior seen on HOPG
discussed above (see Figure 4 and S|, section S3) and is
consistent with the idea that, at the energy region
of the redox potential of the ferrocene derivatives,
graphite and graphene possess a significant DOS,
which together with the higher self-exchange ET rate
constant for ferrocene derivatives® results in a high EC
activity of the basal plane. Further support for this
proposition comes from the fact that studies of a
graphene sample containing monolayer graphene
and ultrathin graphite with FCTMA'?" also showed
uniform and comparable activity at a moderate driving
potential, below the mass-transport-limited current
(see SI, section S3, Figure S3-4).

Dynamic Imaging: SECC(M Movies. For a more detailed
assessment of the EC behavior at step edges with
respect to the basal plane on aged AM grade HOPG
samples, the operation of SECCM was modified in order
to perform either a linear sweep voltammogram (LSV)
or CV (SECCM-LSV or SECCM-CV) at each pixel of the
surface map during the scan (see Methods and SI,
section S1, for a more detailed description of the

VOL.9 = NO.4 = 3558-3571 = 2015 ACSN\A

J

WL

N

Na

WWwWW.acsnano.org

3565



a b c
0 Potential vs. Ag/AgCI (0.1 M KCI)
Q 0 -0.45 -04 -0.35 -0.3 -0.25 -0.2 -0.15
4 5 | I 1 I I I 1
Ll Il .
L8 = < -5 - .
I | ] ! in | 2 £ basal planes 05 ‘.
E 127 £ 0 ..
‘ I 5-104 <o’ 057 edge.
(8] o 14 .
. 1| H i o o
= | 15 A5+ .,
3|L Ill |.1|“.| 1| -2 .. basal plane
. . : T T T T T T T 1 2.5 R
10 um -0.6 -0.4 -0.2 0
. T T T T T T
Potential vs. Ag/AgCI (0.1 M KCI) 02 -015 -01 -0.05 0 005
Overpotential (V)
d £ (eV) e
-0.6 -0.3 0 0.3 0.6
04— L 1 11 1Ly
defect 45 ]
0.3 3
—_ | & 04
3 Wked (€) Wo(€) | 39 X = graphene
& 02 / ] 2
0 = 5 -1
g : 9
0.1 15 2
graphene T T T T T
R e N N o o e B B e o o e 02 01 0 01 02

0.6 0.3 0 -0.3 -0.6

Potential vs. Ag/AgCl (0.1 M KCI)

Overpotential (V)

Figure 7. (a) EC map for the reduction of Ru(NH;)¢>" (in 25 mM KCl and phosphate buffer, pH = 7.2) at AM grade HOPG
acquired in SECCM-LSV mode. Each pixel corresponds to the current measured in the corresponding LSV at a potential E,p, =
—0.32V (7 =—0.11V). (b) Overlaid are 15 LSVs acquired on step edges (blue) and 20 LSVs on basal plane regions (red). (c) Pre-
exponential factors as a function of potential for pure basal plane (red) and edge (blue) extracted from respective SECCM-LSVs
shown in (b). (d) Plot of density of states (DOS) of graphene (black) and of defect type V,(5—9) (blue, data from ref 49) (left
axis). Overlaid is the probability density function of redox electrons (right axis): light gray for Wo,(¢), light green for Wgreq(¢).
The probability density functions were normalized so that peak height corresponds to 100%. (e) Comparison of kinetic
currents at defect sites (blue) and the graphene basal plane (black).

operation). This approach provided an extensive set
of potential-resolved SECCM EC maps which could
be viewed as movies of EC current versus potential
sweep [two movies, one for SECCM-LSV imaging with
Ru(NHs)s> " (200 frames, potential range from E =
—0.64 V to E = —0.04 V) and the other for SECCM-CV
imaging with FCTMA™ (230 frames, potential range
from E = —0.04 V to £ = 0.76 V), can be downloaded
as a part of the SI, with details in section S1, Table S1].
A representative frame (or SECCM EC map at Egp, =
—0.32V, 7 =—-0.11V) from the movie for the reduction
of Ru(NH;)>" is presented in Figure 7a. This snapshot,
and the entire movie, is evidently consistent with the
earlierimages for Ru(NHs)s> " reduction on aged HOPG:
there is enhanced activity at step edges, with the
activity of the basal surface lagging that of the edges
until the diffusion limit is reached, where the entire
surface becomes essentially uniformly active. In con-
trast to Ru(NH3)s>", we found that for FCTMA™ oxida-
tion there was a totally homogeneous response across
the HOPG surface for the entire potential range eval-
uated (see SI, section S3), as illustrated in the movie.
In Figure 7b, a set of 15 typical LSV curves obtained
on step edges and another set of 20 LSV curves on the
basal plane are compared. These data were extracted
from the SECCM-LSV data file. Clearly, there is a very
high level of agreement between the LSVs in each of
the two different locations. The LSV on the pure basal
plane is shifted cathodically by ~70 mV (at the half-
wave potential) relative to the one with the meniscus
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located over the basal-and-edge, with potential
difference between the 1/4- and 3/4-wave potentials,
Es/4 — Eq4, in both locations in the range of 60—70 mV
(close to the reversible limit).

We were able to fit the experimental voltammetric
waves for each location in the Ru(NHs)s> 2+ movie
using a Butler—Volmer formulation with o = 0.5 and
ko~ 0.5 cm s~ (essentially diffusion-control). However,
the formal potentials needed to fit the data were more
cathodic than the values obtained from CV measure-
ments at Pt or freshly cleaved HOPG (cf. —0.35 V for the
pure basal plane wave, —0.28 V for the basal-and-edge
wave vs —0.21 V at Pt or HOPG), which clearly indicates
an inapplicability of the classical model. Please refer to
Sl, section S5, for further details. We suggest that the
observed overpotential of the voltammetric wave on
the basal plane, at least in part, is related to the position
of the standard (formal) potential of Ru(NHs)¢>*"%,
which is—as highlighted—close to the intrinsic Fermi
level of graphene where the DOS is theoretically zero.
Likewise, the smaller overpotential on the edge is a
consequence of the higher DOS at graphene edges,
near the intrinsic Fermi level, than for the basal surface *°

On the basis of the established model for voltam-
metry in SECCM,%° we performed semiempirical simu-
lations of the characteristic voltammetric waves
(Figure 7b, with the details of the simulations given
in Sl, section S5). To treat the evident overpoten-
tial seen in the voltammograms at both the basal
surface and edge, we defined and determined a
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potential-dependent pre-exponential factor, Apasal(E)
and Aeqge(E), that appears in place of kg in the Butler—
Volmer formulation, setting oo = 0.5 as expected for an
outer-sphere redox couple. We used EY =021V from
the measurements on Pt and HOPG mentioned above.
This analysis can be considered as reasonable, as the
Butler—Volmer model can be obtained as a limiting
case of more complex models of heterogeneous ET. For
instance, in the unified expression for the rate constant
for adiabatic and nonadiabatic ET in the quantum
perturbation theory, the rate constant from the Butler—
Volmer model is multiplied by a potential-dependent
ratio that originates from a consideration of the elec-
tronic states in the electrode and a redox couple,®
which is somewhat analogous to our approach. In the
limiting case of purely adiabatic ET, the ratio becomes a
fixed value.

Figure 7c shows how Apasa(E) and Aeqge(E) vary with
potential. It can be seen that Apasai(E) < Aeqge(E) at all
the potentials, as expected, based on the enhanced
activity of the edge, and it can further be seen that the
transition to the maximum A value occurs at lower
potential for the edge site, with A changing more
steeply with applied potential for the more active
edge, again as expected.

To deepen the analysis of the data in Figures 7b, we
turn to the Gerischer framework, which considers the
overlap between DOS at an electrode with that of the
redox electrons as determining the kinetics of ET,%”%°
with the microscopic kinetic current, iy, given as

+ oo
im :/ ekr(e)pp(e){1 —f(e

oo

- eF)}predox(E)f(s - 8F(redox))d€ )]

where kr is the transmission coefficient, py, is the DOS
atthe electrode, f(e — &r(y)) is the Fermi function, egy) is
the energy at the Fermi level, preqox is the DOS of the
redox electrons, &ryedox) is the Fermi level of redox
electrons, and integration is performed over all the
energy levels.

All details of the calculations are relegated to the S,
section S6. To a reasonable approximation, we used
the DOS energy profiles from graphene (akin to the
basal surface of aged HOPG), defect graphene (as an
approximation for the edge state), and Ru(NH;)g> 72"
in solution (Figure 7d) to calculate the kinetic currents
(no mass transport effects) at the basal and edge sites
as a function of applied potential (Figure 7e). For
reasons outlined in S, section S6, we do not seek to
calculate absolute current values but rather are inter-
ested in the relative difference between the edge and
basal sites. It is evident that the relative difference in
the DOS potential profile between the edge (defect)
and basal graphene, at least in the potential range
critical for ET with Ru(NHs)e> 2™, results in a much larger
current density at the edge than for the basal surface,
qualitatively consistent with the experimental data.

GUELL ET AL.

Favorable overlap of the electronic states is not the
only significant factor in graphene electrochemistry.
The chemical (or quantum) capacitance, a measure of
the change of the Fermi level relative to the band
structure with the amount of charge on the electrode,
will also influence ET kinetics. Its relevance has
been demonstrated in the evaluation of ET kinetics at
single-walled carbon nanotubes.®>®' Some fraction of
the applied electrode potential is spent in shifting
the Fermi level relative to the band structure, while
the remainder of the potential moves the whole
band structure as in a metal electrode. Hence not
all of the applied potential will be confined in the
compact layer of the electrode, resulting in lower
driving force for ET than applied with a potentiostat.
Importantly, this will affect the electric double-layer
structure in the solution part of the interface with
consequences for the kinetics.2? The relatively high
activity of the step edges at graphene and aged HOPG
with Ru(NH3)s> 2" effectively creates a nanosized
electrode, for which dynamic double-layer effects
may be important.?

While the analysis provided is valid for the
Ru(NHs)s>™>" couple, for other redox systems whose
formal potential sits further from the intrinsic Fermi
level of graphene (e.g., ferrocene derivatives), the shift
of the whole band structure as a consequence of the
electric potential and the chemical capacitance has to
be considered. The higher DOS of the edge will tend to
cause the band structure of the defect to shift along
with the Fermi level (similar to a metal), whereas the
graphene basal plane band structure will experience a
smaller shift due to a more significant chemical capa-
citance effect (especially around the Dirac point®).
Therefore, although we do not disregard the possibility
that at the potentials for ferrocene derivatives there
might also be a difference in EC activity between basal
plane and edges, this difference would not be ex-
pected to be of the same magnitude as for the
Ru(NHs)s>™>" system. In addition, to determine any
difference requires techniques with ultrahigh mass trans-
port rates given the high ET kinetics (and self-exchange
ET rate constant) of FCTMA ™2™ as we noted earlier.

CONCLUSIONS

High-resolution electrochemical microscopy using
Ru(NHs)s> 2" as a redox probe, coupled with other
techniques in a multimicroscopy approach, revealed
complexities in graphite (HOPG) and exfoliated
graphene as electrode materials, related to the local
electronic and microscopic structure of these materials.
We have clearly demonstrated that for Ru(NH;)g> 2"
there is strong dependence of the ET kinetics on the
number of graphene layers, with monolayer graphene
having the slowest rate, increasing for bilayer graphene,
and with ultrathin graphite having the fastest ki-
netics. With the same redox mediator, step edges in
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graphene and on HOPG samples that were cleaved
and left for a similar time as needed for graphene
exfoliation appeared with high contrast in the maps
of EC activity (below the diffusion-limited potential).
This was in contrast to maps for the oxidation of
FCTMAY and FcCOOH, which produced essentially
featureless EC maps, as did Ru(NHs)s>*/2* on freshly
cleaved HOPG.

We have shown that the capabilities of SECCM can
be greatly enhanced by performing potential sweep
measurements at each pixel. These measurements
establish that the enhanced currents over step edges
seen on the maps with fixed (over)potential with
Ru(NHs)s> """ were due to apparent cathodic shifts of
the voltammetric wave compared to the reversible case,
with the shift being greater at the basal surface of aged
graphite than for the step edges. The sensitivity of
Ru(NH;)>*"%" to the graphene and graphite structure,
in contrast to other redox probes, is because the redox
potential of this couple is very close to the intrinsic
Fermi level of graphene where the DOS is theoretically
zero, whereas the potential of other couples are further
removed to values where the DOS of graphene (and

METHODS

Sample Preparation. Mechanically exfoliated graphene sam-
ples were prepared by the well-known “scotch tape” method
from pieces of ZYA grade HOPG (GE Advanced Ceramics, USA)
and Natural Kish graphite (Graphene Supermarket, NY, USA)
and placed on a Si/SiO, substrate (IDB Technologies Ltd.; n-type
Si, 525 um thick with 300 nm of thermally grown SiO,). In
addition to the inertness and flatness of the substrate, the use of
Si/SiO, as a substrate allowed graphene flakes to be located
(and their thickness quantified) by optical microscopy.*? This
enabled the easy establishment of electrical contacts (silver
conductive paint, RS components, UK) and further characteriza-
tion of the areas studied electrochemically by AFM and micro-
Raman spectroscopy.

Studies of HOPG utilized either ZYA grade (GE Advanced
Ceramics, USA), SPI-3 grade (SPI Supplies, Aztech Trading, UK),
oran ungraded but high-quality sample kindly provided by Prof.
R.L. McCreery (University of Alberta, Canada), originating from
Dr. A. Moore (Union Carbide, now GE Advanced Ceramics) and
herein referred to as AM grade HOPG.

Scanning Electrochemical Cell Microscopy. SECC experi-
ments are described in detail in the S, sections S1 and S3. Briefly,
the SECCM tip was a double-barreled theta pipet which was
sharpened to the desired dimensions (400 or 90 nm diameter
depending on the experiment) by means of a laser puller
(P-2000, Sutter Instrument Co., USA). The pipet, filled with the
electrolyte solution of interest and quasi-reference counter elec-
trodes (QRCEs), one inserted into each barrel (see SI, section S1),
was approached toward the surface until contact was made
with the tiny meniscus at the tapered end, without contact from
the probe itself. The probe was then scanned across the surface
by means of piezoelectric positioners. Electrochemical mea-
surements were performed in the confined area defined by the
meniscus created between the tip and sample. Two different
modes of SECCM were employed in the present work: SECCM at
a fixed potential and SECCM-CV or SECCM-LSV mode.

SECCM (at fixed potential) measured the EC surface current
continuously, while the probe was scanned across the surface at
constant tip—sample distance at a predetermined electrode
potential 3>#*>% In this imaging mode, the data acquisition rate

M4‘I 45,60
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graphite) is much higher. Thus, for Ru(NH;)s> 2", the

electronic states of the graphene electrode become a
limiting factor in the ET rate. This explains the depen-
dency of the observed kinetics for this couple on the
number of (graphene) layers and over the enhanced
activity of step edges where the local DOS is much
higher.

Our experiments have demonstrated plainly a sig-
nificant time-dependent aspect of the ET kinetics for
Ru(NH;)s> %" on HOPG. There is strong evidence from
our measurements (voltammetry and C-AFM) and
others (STM/STS) in the literature® that spontaneous
delamination of the topmost layers of HOPG occurs
with time, which leads to a surface made of electron-
ically decoupled regions that are nothing but mono-,
few-, and multilayer graphene. In the light of this, it
becomes understandable why, for Ru(NHs)s>*"%", in
particular, aged HOPG produces (a) SECCM images
that feature enhanced currents over step edges, as
seen for graphene, and (b) macroscopic voltammetry
responses that are initially indicative of relatively fast
kinetics, but the response evolves rapidly with time
due to the microscopic phenomena identified.

was set at 10 us with 512 measurements averaged per data
point. Depending on the scan rate used, a point was acquired
every 0.8—10 nm during scanning (see SI, section S1).

For SECCM-CV (or SECCM-LSV in the case of a linear sweep
voltammogram), once in meniscus contact with the surface, the
probe was scanned across the substrate in a raster-mode at a
constant tip—sample distance. A number of pixels per scan area
was defined (based on the tip dimensions and sample area), in
each of which a CV (or LSV) was performed by sweeping the
potential and measuring the corresponding EC current (see Sl
section S1 and Table S1 for details). Between voltammograms
(CV or LSV, carried out at a 200 mV s "), the probe was moved
laterally, maintaining the tip—sample distance constant, to the
next position. This mode allowed a set of EC surface current
maps at a wide range of potentials, presented in the Sl in the
form of movies, revealing the evolution of the EC surface current
versus time (potential). For the data acquisition rate used, EC
surface current maps were obtained every ~4 mV for SECCM-CV
and every ~1 mV for SECCM-LSV (see movies (avi files) in Sl).

Macroscopic Electrochemical Experiments. These were carried out
in a three-electrode cell formed by placing a 20 ulL droplet
of solution onto the HOPG sample (working electrode) and
inserting a platinum wire and a Ag/AgCl wire acting as the
counter electrode and the reference electrode, respectively.
The time required for the assembly of the cell and start of
the measurements was below 10 s (2—3 s to place the drop of
solution after exfoliation). For the experiments in a controlled
atmosphere, cleavage of the sample and measurements were
performed in a nitrogen-filled glovebox (COY Lab, USA). After
the desired elapsed time (8 h), the assembly of the EC cell and
measurements were carried out inside the glovebox, where the
oxygen level was maintained below 1 ppm. All EC measure-
ments were performed with a CHI 600 electrochemical work-
station (CH Instruments, TX, USA).

Sample Characterization. Raman spectroscopy was performed
with a micro-Raman (InVia micro-Raman, Renishaw, UK)
equipped with a HeNe 633 nm laser and a 100x lens. The
assignment of the number of graphene layers was based on the
2D band (2650 cm™'). More details of data processing are
provided in the SI, section S2. AFM characterization was carried
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out in tapping mode (Enviroscope, Veeco-Bruker). Optical
microscopy was employed to locate and evaluate qualitatively
the graphene quality. Images of graphene were acquired using
adigital camera (Spot, Diagnostic Instruments, USA) attached to
a BH2 optical microscope (Olympus, Japan) with a 50x/0.7 NA
optical lens (Neo SPlan, Olympus, Japan).
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