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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;)s>""*" as a redox probe whose standard potential sits close to the intrinsic Fermi level
of graphene and graphite. By coupling scanning electrochemical cell microscopy (SECCM)
data with that from complementary techniques (AFM, micro-Raman) applied to the same
sample area, different time-dependent EC activity between the 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. Macroscopic voltammetric measurements in different environments reveal that the

+/2+ - .
32 , 1S not associated

time-dependent behavior after HOPG cleavage, peculiar to Ru(NHjs)e
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;)e>"*" 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;z)s*”*". 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 non-trivial electronic band structure.



The significant potential of graphene in next generation electronic,' optical,” mechanical®
and chemical devices® is greatly enhanced by the additional possibilities that can be

introduced by graphene edges.” The strong influence of graphene edges, which can have

8

either armchair (AC) or zigzag (ZZ) termination,®® on the electronic band structure of

6,9, 10

graphene nanoribbons, in particular, exemplifies the importance of understanding the

physicochemical properties of this structural motif in detail. Previous experimental studies of

graphene (and graphite) edges include the use of scanning tunneling microscopy and
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spectroscopy (STM/STS),” ' ' transmission electron microscopy (TEM) and micro-
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Raman spectroscopy. These investigations have shown that ZZ and AC graphene edges

have distinctly different electronic states and scattering properties as well as unique chemical

features.
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Graphene is attracting considerable interest in electrochemistry, particularly for various

energy-related applications.” Electrochemistry also plays an important role in graphene

2

technology, for example, for edge functionalization,”**® which can greatly influence the

. . 2 2 . .
properties of mesoscopic graphene structures.”> * However, despite macroscopic,’’

26, 28

microscopic®’ and indirect attempts to reveal the electrochemical (EC) behavior of

graphene step edges, there are considerable gaps in knowledge particularly pertaining to

fundamental microscopic structure-function correlations.

6, 32

The edge state at graphene or graphite edges, predicted theoretically and observed

experimentally with STS,” '*'?

results in an increase of the density of states (DOS) near the
intrinsic Fermi level of uncharged basal plane of graphene. An important question in
electrochemistry is: does this lead to different electroactivity compared to the neighboring

3334 _ and others®™

basal surface of graphene (or graphite)? For a wide range of reactions, we
37 _ have shown that the basal surface of freshly cleaved graphite has high intrinsic EC

activity that dominates the macroscopic behavior, on typical voltammetric timescales (mass



transport rates), such that even if step edges have higher activity it cannot easily be seen

against the basal activity35’ 36

and is not significant in respect of the overall activity. Here, we
demonstrate that on graphene the step state can be detected through the local EC activity of
the Ru(NHs)s'"** couple, whose redox potential lies close to the intrinsic Fermi level of
uncharged graphitic materials®® (for brevity we will omit “uncharged” later in the text when
referring to intrinsic Fermi level). Indeed, in a recent study we demonstrated Ru(NH3)63+/ 2 as
a suitable couple to distinguish between metallic and semiconductor single walled carbon
nanotubes (SWNTs),” * as the band gap of semiconducting SWNTs coincided with the
Ru(NH3)s*"** 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 HOPG at high spatial and potential
resolution. The ability to build up high resolution maps of EC activity from thousands of
submicron-confined measurements, in combination with complementary microscopy

techniques, AFM and Raman, provides detailed insights into the electrochemical 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 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 electrochemical map for Ru(NHs)s "
reduction at a potential of V,;, = -0.464 V vs. Ag/AgCl, 0.1 M KCI to which all potentials are
here onwards referred; cathodic overpotential # = -0.198 V, is shown in Figure 1lc. 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 la, 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 layers.*" **

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 electrochemical current compared to the basal surface. Higher EC
activity was also found at HOPG step edges with Ru(NH3)s>"*",*® but the activity difference
was much less pronounced. Although different edge chirality gives rise to different electronic
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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 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 vs. 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 SI,
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 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 variation in EC current in Figure Ic, 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 graphene 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***°*% and SWNTs.*" **->%%* As evident in Figure
2a, within a particular facet, graphene is a fairly homogenously 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, (one standard deviation, s.d.),
compared with BLG currents of 15 + 1 pA (one s.d.), 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 ™

, a uniform activity was seen,
irrespective of the number of graphene layers and with no noticeable enhancement at the step
edges, but this is a fast process 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)63+/ ** using an effective
heterogeneous electron transfer (ET) rate constant, k., for a given overpotential/image. This
enabled us to avoid suppositions about models of ET kinetics, for reasons that will be

explained later. The following boundary condition (eq 1) was considered, in which ke was
the only variable.

FD,, (0Co, 1 02) .4 = k™™ Co (1)

where F' is the Faraday constant, Coyx is the near-interface (z = 0) concentration of Ox =
[Ru(NH3)63+], which has an effective diffusion coefficient, D,, = 9.2 x 10° cm? s
incorporating the SECCM electric field effect on mass transport (as determined from the

limiting current in this set up).”> ® Given the relatively high cathodic overpotential (5 = -

0.198 V), values of kegr &9 for SLG of 6.7 x 107 cm s™', and kegr ™9 for BLG of 1.4 x 107

3+/2+

cm s™', highlight the relatively slow ET kinetics of this material for Ru(NH;)s as found in

. . 47,61,62
some previous studies.*” "



Further analysis of areas A and B reveals a striking difference in EC activity at
monoatomic steps, with either a very high EC current at a monoatomic 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).
Representative 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 exfoliation 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 1c, despite a large number of
apparent graphene edges, many do not show enhanced activity, suggesting they are situated
beneath monolayer (or multilayer) graphene. We further consider below the origin of the
apparent step edge activity seen specifically with Ru(NH3)s*”*" based on enhanced DOS at

7,11, 12
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
the SI, section S2), the EC active step edges were categorized based on the number of
monoatomic step edges, assigning a value of 335 + 50 pm height per monolayer step.’’” A
schematic 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 monoatomic 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 grey 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 re-
imaged by SECCM at a lower potential of V,;, = -0.364 V, = -0.098 V (Figure 3b). While
the basal plane-terraces of graphene show very low EC currents (ca. 5 pA, see Figure 3b and
3c¢), 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 nanoscale spatial
resolution, by considering SECCM scan profiles.”” ** ** > 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

. 4 4
edge accessed by the meniscus cell.* %2

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
between 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, discussed 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 3¢ (black dashed scan line marked
in the zoomed area in Figure 3c), where 7 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 monoatomic 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 edge height). The FEM model, outlined above and in SI, Section
S5, was extended to analyze the peak currents, to determine quantitatively how the current
scaled with the number of monoatomic steps in a particular edge. In this case, we first
determined the effective rate constant for the area free from the steps, i.e. the basal plane,
ket P yielding ke ®P*™ = 3.4 x 107 cm s™'. Note that although the driving force for this

(b-plane) 35 of the same order as for the SLG

image was 100 mV less than in Figure 1 and 2, ke
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
monoatomic steps, we found ke 5teP) — 7 + 3 cm s'l, and this value was found to predict the
current well for all other overall step heights, confirming the trend seen experimentally
(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 suggest that the monoatomic steps making
up an edge are independent. The computed current for 10 monoatomic 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 3¢ with an asterisk) or widely spaced multiple steps
(distinguishable by 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

3+/2+

clearly seen with Ru(NH3)s” °', previous work employing SECCM on freshly cleaved HOPG

33,34 and we seek a

samples with the same redox couple did not exhibit this behavior,
rationalization. There are two main differences between the HOPG and graphene samples: (1)
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, which could accumulate on graphite/graphene surfaces, as well as

10



other issues, may influence on EC response of HOPG.** *" ®® Note that for many graphene
studies, there is an unavoidable 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 electrical 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 suitably.**
To investigate the effect of time on the EC response of HOPG, we carried out a set of
measurements: (i) as soon as possible after fresh cleavage; and (ii) after > 3h, being
commensurate with the minimum elapsed time for studies of exfoliated graphene. We used
both SECCM and also macroscopic electrochemistry in a droplet-cell configuration (see
Methods below).

To ensure that sufficient step edges were accessed, a ZYA grade HOPG sample was used
with a slightly higher step edge density (between 0.1-0.7 um um™)** than AM grade HOPG
(see Methods for description of HOPG grades). Consequently, to resolve any spatial
heterogeneity in EC activity, a sub-hundred nm diameter SECCM probe was used (e.g. 90 nm
for Figure 4a). Such a resolution, the smallest aerial footprint ever achieved by a factor of >5
for the SECCM technique,®' is comparable to alternative EC imaging techniques, such as
SECM-AFM,*> % %7 byt with a much simpler probe preparation and operation, together
with the possibility of acquiring a diverse set of complementary maps which are hugely
informative.*” *> 44

Figure 4b and 4c are SECCM EC maps for the reduction of Ru(NHz)s>™ (2 mM) at a
driving potential Vg, = -0.414 V, ( = -0.067 V), at different times after exfoliation,
specifically 10 min marking the start of the image (image duration 20 min) and 3 hours,
respectively. On the 10 min sample (Figure 4b) , the EC map is featureless, exhibiting an

homogeneously active surface (some inactive points — blue — are due to detachment of the

11



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

4144 34, 51,52, 71, 72

agreement with previous work at the micro and macroscopic scale, at a range
of driving forces, including well below the diffusion limit. Interestingly, in light of a recent
suggestion that the electroactivity of HOPG basal plane could be controlled by point
defects,” the spatial resolution of this probe (~ T Ipipe < 0.01 um?) is particularly powerful
as the point defect density on cleaved HOPG, estimated to be in the range 0.1 pm™ — 10 pm’
27478 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 significantly with time, a direct quantitative comparison
of EC current values in Figure 4b and 4c is difficult due to notable differences in sample
wetting by the meniscus, as indicated by the much lower ion conductance current for Figure
4c than Figure 4b (see SI, Section S3, Figure S3-2). Nonetheless, the distinctly higher step

edge activity with Ru(NHz)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 droplet 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.>* > 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 glove box under N, again if required (see Methods). Cyclic voltammograms (CVs) for

12



Ru(NH;)s*" reduction were run on AM grade HOPG that was freshly cleaved (droplet placed
on the surface in < 2-3s) and on surfaces aged under different environmental conditions for 8
hours after exfoliation, i.e. in air and in a N; glove box. A remarkable difference was
observed in the voltammetric response between fresh and aged samples, Figure 5a, changing
from an essentially reversible transient (planar diffusion) response on the CV timescale
(freshly cleaved surface) to one that was more reminiscent of diffusion to a microelectrode
array (with some background current), i.e. steady-state diffusion, irrespective of the
environmental conditions for aging (see Methods for details). That similar behavior was seen
in air and under a much purer environment allowed us to reasonably rule out adsorbed
contaminants® as 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 spontaneous delamination of the topmost graphene layers, from the remainder of the
graphite block. This is a feasible option considering the laminar 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
electronically decoupled, leading to a random microelectrode array scenario, consistent with
the voltammetric data for aged AM grade HOPG. Indeed, conductive AFM (C-AFM)
experiments carried out on 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 S2-2).**
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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 environmental conditions (air or inert atmosphere). Since the density of
step edges is much higher on SPI-3 HOPG (~31% coverage compared to the basal surface)**

+2+ :
32 (see above), the macroscopic

and these sites have enhanced activity with Ru(NH;)s
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.* The decrease in DOS from graphite to
graphene is especially significant at the intrinsic Fermi level.** > ® Because the standard

3+/2+

redox potential of the Ru(NHj3)6 couple is close to the PZC of graphene (and graphite)

where the DOS for (undoped) graphene is theoretically zero (see SI, Section S4),*® 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

7,11, 64 -

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(NHs)s’". Graphite edges also display step edge states,” ' ** but the basal

3

plane of graphite has significant DOS at the intrinsic Fermi level (0.0025 states eV cm™, ref

33, 34

85), making it more difficult to detect edge state on freshly cleaved surface (see above).

Indeed, the DOS of graphite may be sufficiently high for all outer-sphere redox processes to

887 such that there would be no difference between the edge and

be the adiabatic regime,
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 level.”® Macroscopic

14



CVs realized on AM grade HOPG (Figure 5c¢ for ferrocenylmethyl-(trimethylammonium)
(FcTMA™) oxidation) revealed a reversible response for both a freshly cleaved surface and
one aged (8 hours in air). This behavior, for a grade of HOPG comprising mainly extended

3*2* This fast reversible behavior for

terraces of basal plane, contrasts with that for Ru(NHj3)e
FcTMA " allows us to rule out the possibility that the sluggish kinetic observed in Figure 5a
for the reduction of Ru(NHs)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
and b) showed homogeneous activity for the oxidation of 2 mM FcTMA™" at V,,;, = 0.236 V (n
=-0.010 V) and 0.4 mM ferrocene carboxylic acid FcCOOH (pH = 7.2) at V,;, = 0.136 V (5
=0.002 V). This is similar to the behavior seen on HOPG discussed above (see Figure 4 and
SI, 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 electron transfer 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 further studies of a graphene sample containing monolayer graphene and

+/2+

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: SECCM 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 operation). This approach

provided an extensive set of potential resolved SECCM EC maps which could be viewed as

15



movies of EC-current vs. potential sweep (two movies: one for SECCM-LSV imaging with
Ru(NH:)s™" (RuHex.avi, 200 frames, potential range from ¥ = -0.64 V to ¥ =-0.04 V) and the
other for SECCM-CV imaging with FcTMA" (FcTMA.avi, 230 frames, potential range from
V= -0.04 Vto V=0.76 V), can be downloaded as a part of SI, with details in Section S1,
Table S1). A representative frame (or SECCM EC map at Vy,, =-0.32 V, n =-0.11 V) from
the movie for the reduction of Ru(NH3)63+ is presented in Figure 7a. This snapshot, and the
entire movie, is evidently consistent with the earlier images for Ru(NH3)63+ 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 contrast to Ru(NHs)s>", we found that for FETMA™ oxidation
there was a totally homogeneous response across the HOPG surface for the entire potential
range evaluated (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 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 located over the basal-and-
edge, with potential difference between the "4 and Ys-wave potentials, E34-Ej4, in both
locations in the range 60 — 70 mV (close to the reversible limit).

We were able to fit the experimental voltammetric waves for each location in the
Ru(NH3)63+/ 2 movie using a Butler-Volmer formulation with o = 0.5 and 4y = 0.5 cm s,
However, the formal potentials needed to fit the data were more cathodic than the values
obtained from CV measurements 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 SI, Section S5 for
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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)s*"** 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.”

Based on the established model for voltammetry in SECCM,” we performed semi-
empirical simulations of the characteristic voltammetric waves (Fig. 7b, with the details of
the simulations given in SI, Section S5). To treat the evident overpotential seen in the
voltammograms at both the basal surface and edge, we defined and determined a potential-
dependent pre-exponential factor, Apasai(E) and Aeqee(E), that appears in place of ky in the
Butler-Volmer formulation, setting o = 0.5 as expected for an outer-sphere redox couple. We
used /*" = 0.21 V 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 non-adiabatic 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 electronic 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 Apasai(£) and Aeqee(£) vary with potential. It can be seen that Apasa(E)
<< Aedee(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 4 changing more steeply with applied potential for the more active edge,

again as expected.
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To deepen the analysis of the data in Figures 7b, we turn to the Gerischer framework, that
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:
iM = I ekr (8) Pwum (8) {1 —f(g —& F(M))} pRede(g)f(g - gF(Redox))d & (2)

where kr is transmission coefficient, py is the DOS at the electrode, f(e-erov)) is the Fermi
function, epovy is the energy at the Fermi level, predox is the DOS of the redox electrons,
E€F(RedOx) 18 the Fermi level of redox electrons, and integration is performed over all the energy
levels.

All details of the calculations are relegated to the SI, 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(NHs)s "> 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 7¢). For reasons outlined in SI,
Section S6, we do not seek to calculate absolute current values, but rather are interested 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

+/2+ . :
2% results in a much larger current density at

potential range critical for ET with Ru(NHj3)e
the edge than for the basal surface, qualitatively consistent with the experimental data.
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. The relevance of this phenomenon 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
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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.* The relatively high activity of the step edges at graphene and aged HOPG with
Ru(NH;)s*"** 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 have 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 capacitance 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 expected to be of the same magnitude as for the Ru(NHz)s ">

system. In
addition, to determine any difference requires techniques with ultra-high mass-transport rates
given the high ET kinetics (and self-exchange rate constant) of FcTMA*”* as we noted
earlier.

CONCLUSIONS

High-resolution electrochemical microscopy using Ru(NH3)63+/ =

as a redox probe, coupled
with other techniques in a multi-microscopy approach, revealed complexities in graphite
(HOPG) and exfoliated graphene as electrode materials, related to the local electronic and
3+/2+

microscopic structure of these materials. We have clearly demonstrated that for Ru(NH3)e

there is strong dependence of the ET kinetics on the number of graphene layers, with
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monolayer graphene having the slowest rate, increasing for bilayer graphene, and with
ultrathin graphite having the fastest kinetics. With the same redox mediator, step edges in
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 FCTMA" and
FcCOOH, which produced essentially featureless EC maps, as did Ru(NH;z)¢>"*" 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(NH;)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(NH3)63+/2+

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 graphite) is much higher. Thus,
for Ru(NH3)s*"*" the electronic states of the graphene electrode becomes a limiting factor in
the ET rate. This explains the dependency 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 significant time-dependent aspect of the ET
kinetics for Ru(NH3)s’"*" on HOPG. There is strong evidence from our measurements
(voltammetry and C-AFM) and others (STM/STS) in the literature® that spontanecous

delamination of the topmost layers of HOPG occurs with time, which leads to a surface made

of electronically decoupled regions that are nothing but mono-, few- and multilayer graphene.
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In the light of this, it becomes understandable why, for Ru(NH3)63+/2+ in particular, aged
HOPG produces: a) SECCM images that feature enhanced currents over step edges, as seen
for graphene; and b) macroscopic voltammetry responses which are initially indicative of
relatively fast kinetics but the response deteriorates rapidly with time due to the microscopic

phenomena identified.
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METHODS

Sample preparation: Mechanically exfoliated graphene samples 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 pm thick with 300 nm of thermally grown
Si0,). 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 characterization of the areas studied
electrochemically by AFM and micro-Raman spectroscopy.

Studies of HOPG utilized either ZY A grade (GE Advanced Ceramics, USA), SPI-3 grade
(SPI supplies, Aztech Trading, UK) or an 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 (SECCM)*!" ** % experiments are described in

detail in the SI, Sections S1 and S3. Briefly, the SECCM tip was a double barreled theta pipet
which was sharpened to the desired dimensions (ca. 400 nm 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 electrodes
(QRCEs), one inserted into each barrel (see SI, Section S1), was approached towards the
surface until the 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 measurements were performed in the confined

area defined by the meniscus created between the tip and sample. Two different modes of
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SECCM were employed in the present work: SECCM at a fixed potential; and SECCM-
cyclic voltammetry (CV) or SECCM-linear sweep voltammetry (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 was set at 10 ps 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 case of linear sweep voltammogram), once in
meniscus contact with the surface, the probe was scanned across the substrate in a raster-
mode, at 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 SI, 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 wide range of potentials, presented in
the SI in the form of movies, revealing the evolution of the EC surface current vs. time
(potential). For the data acquisition rate used, EC surface current maps were obtained every =
4 mV for SECCM-CV (movie FcTMA.avi) and every = 1 mV for SECCM-LSV (movie
RuHex.avi).

Macroscopic experiments were carried out in a three-electrode cell formed by placing a 20

uL droplet of solution onto the HOPG sample (working electrode), and a platinum wire and
an 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
seconds (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
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nitrogen-filled glove box (COY Lab, USA). After the desired elapsed time (8 hours), the
assembly of the EC cell and measurements were carried out inside the glove box, where the
oxygen level was maintained below 1 ppm. All EC measurements were performed with a
CHI 600 electrochemical workstation (CH Instruments, TX, USA).

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 is
provided in the SI, Section S2. AFM characterization was carried 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 a Digital Camera
(Spot, Diagnostic Instruments, USA) attached to a BH2 optical microscope (Olympus,
Japan), with a 50x/0.7NA optical lens (Neo SPlan, Olympus, Japan).

Supporting Information. Principles of SECCM, AFM images, results of Raman
spectroscopy (spectra and maps), complementary SECCM maps, finite element simulations
and calculations of ET rate. This material is available free of charge via the Internet at

http://pubs.acs.org.
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Figure 1. Multi-microscopy 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 ¢, SECCM
electrochemical (EC) map for the reduction of Ru(NH;)s’™ (5 mM in 25 mM KCI and
phosphate buffer, pH = 7.2). The EC map was acquired at a potential Vg, = -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 black color and coincides with the Si/SiO; substrate. In b,
the two areas labeled 4 and B exhibiting the lowest EC currents are analyzed in detail in

Figure 2.
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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, details in SI, Section S2);
SECCM EC map for the reduction of Ru(NH3)63+ (5 mM in 25 mM KCI and phosphate
buffer, pH = 7.2) acquired at potential Vg, = -0.464 V (n = -0.198 V). Histograms of
experimental current data are also presented. The black arrows indicate the position of a
monoatomic step between single layer graphene (SLG) and bilayer graphene (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. ¢, two SECCM scan profiles on the transition
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between SLG and BLG in area A and area B as well as schematics of an exposed and

covered step edge.
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Figure 3. a, Color map categorization of the number of monoatomic step edges (based on
AFM data) for enhanced EC active step edges on graphene. Colored in grey 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(NH;)¢>" (5 mM in 25 mM KCI and phosphate
buffer, pH = 7.2), with the exfoliated graphene sample at a potential Vg, = -0.364 (1 = -0.098
V). The two black arrows mark a box delineated with a white dashed line which is zoomed in
c. In ¢, 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 ¢) were discarded in the analysis. e, Plot
comparing the experimental EC peak current for step edges and simulated response as a
function of the number of monoatomic steps making up an edge. The simulation, outlined in
the text and in SI, Section S5, used ke P = 3.4 x 10> cm s™! and ket & = 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 monoatomic steps.
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Figure 4. a, SECCM probe employed for nanoscale SECCM imaging. SECCM EC map for
the reduction of Ru(NHz)¢>" (2 mM in 25 mM KCl and phosphate buffer, pH = 7.2) at ZYA
grade HOPG acquired at a driving potential Vi, =-0.414 V (y = -0.067 V) at different times
after exfoliation; b, 10 minutes (start of scan); ¢, 3 hours (start of scan). Typical SECCM scan

profiles, marked with a black dashed line on the maps, are also shown.
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Figure 5. Cyclic voltammograms for the reduction of Ru(NH3)s>~ (0.25 mM in 0.1 M KCI) 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. ¢, Cyclic voltammogram for the

oxidation of FcTMA" (0.25 mM in 1 M KCl) on AM grade HOPG at 0.1 V s
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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 KCI and phosphate
buffer, pH = 7.2) at a driving potential Vyyp = 0.236 V (y = -0.010 V), 5 hours after
exfoliation; b, ferrocene carboxylic acid (FcCOOH), 0.4 mM in 25 mM KCI and phosphate
buffer, pH = 7.2, at a driving potential Vg, = 0.136 V ( = 0.002 V), 7 hours 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 SI, Section

S3).
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Figure 7. a, EC map for the reduction of Ru(NH;)s** (in 25 mM KCI 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 Vg, = -0.32 V (n = -0.11 V). b,
Overlaid are 15 LSVs acquired on step edges (blue) and 20 LSVs on basal plane regions
(red). ¢, 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 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 grey for Wox(¢), light green
for Wred(¢). 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).
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