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G
raphene has garnered widespread
attention across many scientific dis-
ciplines because of its extraordinary

electrical, chemical, and mechanical prop-
erties. There is increased interest in under-
standing the chemistry of graphene, con-
trolling its properties through chemical
modifications, and using it in applications
such as energy storage, sensors, catalysis,
and electronics, just to name a few.1�10

Despite this excitement, many challenges
remain in using graphene for practical tech-
nologies. For instance, while mechanically
exfoliated graphene possesses superb elec-
tronic properties,11 its usefulness in applica-
tions is limited because generally only small
samples (tens of micrometers wide) can be
made. Chemical-vapor deposited (CVD) gra-
phene is more suitable for large-scale pro-
cessing of graphene,12 but the fabrication
process generally introduces grain bound-
aries, impurities, and physical damage.
These defects can strongly influence the
electrical, chemical, and mechanical char-
acteristics of graphene.13,14 To take full
advantage of the properties of graphene
in applications, it is necessary to address
how defects affect its performance and to
develop methods to detect and to control
them through means such as passivation.
Graphene defects are generally classified

as intrinsic and extrinsic. Intrinsic defects
are structural defects, for example, vacan-
cies, carbon adatoms, Stone-Wales defects,
and grain boundaries.13 STM studies have
shown an increase in the local density
of states at some intrinsic defect sites.15

Extrinsic defects are the result of the intro-
duction of foreign atoms. Intrinsic defects
are prone to attack by foreign atoms to form
extrinsic defects due to the strain energy in

the carbon�carbon bonds within the struc-
turally unstable intrinsic defects. Computa-
tional studies have shown that chemical
functional groups can be attached to struc-
tural defects.16,17 For the purpose of the
discussions here, all functional groups other
than 6-carbon sp2-hybridized structures
are treated as defects. Early studies by
McCreery and co-workers have shown that
surface defects play an important role in the
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ABSTRACT

Imperfections that disrupt the sp2 conjugation of graphene can alter its electrical, chemical,

and mechanical properties. Here we report on the examination of monolayer chemical vapor

deposited graphene imperfections using scanning electrochemical microscopy in the feedback

mode. It was found that the sites with a large concentration of defects are approximately 1

order of magnitude more reactive, compared to more pristine graphene surfaces, toward

electrochemical reactions. Furthermore, we successfully passivated the activity of graphene

defects by carefully controlling the electropolymerization conditions of o-phenylenediamine.

With further electropolymerization, a thin film of the polymer was formed, and it was found to

be insulating in nature toward heterogeneous electron transfer processes. The use of spatially

resolved scanning electrochemical microscopy for detecting the presence and the “healing” of

defects on graphene provides a strategy for in situ characterization and control of this

attractive surface, enabling optimization of its properties for application in electronics,

sensing, and electrocatalysis.
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electrochemical activity of highly oriented pyrolytic
graphite (HOPG) electrodes.18�25 On an HOPG surface,
a 0.1% increase in defects could result in an increase
in the electron charge transfer kinetics of 3 orders of
magnitude.23 These defects are usually composed of
phenol, carbonyl, carboxylic acid, lactone, and quinone
functional groups.26 While there have been many
computational reports about the reactivity of gra-
phene defects,27�30 there is a general lack of experi-
mental verification. There have been some examples of
electrochemical studies in which the area-averaged
characteristics of single layer graphene aremodified by
oxygenated groups,31 the insertion of nitrogen,32 or
graphitic islands.33 Here, we report on spatially re-
solvedmeasurements of the electrochemical reactivity
of graphene and its defects using scanning electro-
chemical microscopy (SECM). SECM is a powerful tool
that can image the surface of a substrate through
electrochemical means. It is useful for the determina-
tion of heterogeneous electron charge transfer kinetics
with spatial resolution and for the fabrication of high-
resolution patterns on metal and semiconducting
surfaces.34�37 Studies of the electrochemical activity
of carbon nanostructures, where high-accuracy mea-
surement of electron transfer rates was required, have
been done using SECM.38�40

Defects on graphene can be generated during
growth, by ion or electron irradiation, or by chemical
oxidation.13We introduced defects into our samples by
deliberate mechanical damage and by chemical oxida-
tion. The electrochemical reactivity of these graphene
defect sites was investigated using the feedback
mode of SECM. We examined the passivation of
defects on graphene using the electropolymerization
of o-phenylenediamne (OPD) and studied themechan-
ism of OPD growth. Electropolymerization of OPD has
been widely used in photovoltaic cells, anticorrosion
coatings, and biosensors. OPD polymerization has
also been used for the selective passivation of
imperfections of n-WSe2 and n-MoSe2.

41 The oligo-
meric structures resulting from OPD electropolymer-
ization have been analyzed previously using mass
spectrometry.42

RESULTS AND DISCUSSION

The SECM technique can be employed to measure
the heterogeneous electron transfer rate by usingwhat
is known, in SECMparlence, as the feedbackmode. The
use of a bipotentiostat allows the independent control
of tip and substrate potentials. In the feedback mode,
an SECM tip is held at a potential where a steady state
electrochemical reaction of a mediator redox pair
Ox/Red takes place (Figure 1a). This steady state cur-
rent, iT,inf, resulting from the reduction of Ox to Red,
for instance, is proportional to the number of elec-
trons in the redox process (n), Faraday's constant (F),
the diffusion coefficient of the mediator (D), the

concentration of the mediator (Cox
* ), and the radius of

the ultramicroelectrode (r):

iT, inf ¼ 4nFDC�
Oxr (1)

As the tip approaches a conductive substrate
(Figure 1b), Red, generated at the tip, reaches the
substrate by diffusion. When the substrate is biased
at a potential where it can engage in the reaction
opposite to that at the tip, a diffusive feedback loop is
established which increases the flux of Ox toward the
SECM tip. This, in turn, increases the feedback current
as a function of decreasing the tip�substrate spacing,
d (positive feedback). In contrast, if the tip approaches
an insulating substrate (Figure 1c), there is no feedback
loop operative. In addition, the current decreases as a
function of decreasing d (negative feedback) because
diffusion of Red to the tip is hindered by the substrate.
Figure 1d shows approach curves, which are the
current profiles versus the normalized distance L =
d/r, as the tip approaches a conductor (red) and an
insulator (blue). The resulting current, also known
as the feedback current, provides information about
the distance between the working electrodes (tip and
substrate) and the rate of heterogeneous electron
transfer. Figure 1e shows simulated current profiles
for various dimensionless heterogeneous rate con-
stants, K = kr/D, where k is the heterogeneous electron
transfer rate constant and D is the diffusion coefficient
of the mediator. The largest and smallest possible
feedback currents at a given distance correspond to
complete positive feedback and complete negative
feedback, respectively. In our experiments, a Pt ultra-
microelectrode was the probe working electrode (tip)
and a monolayer CVD graphene electrode was the
substrate working electrode.
The choice of mediator is important if one is

to detect kinetic differences between pristine and
defective areas on the graphene surface. We examined
two common mediators, hydroxymethylferrocene
(FeMeOH) and potassium ferricyanide [K3Fe(CN)6].
FeMeOH has a standard potential of E0 = 0.21 V vs

Ag/AgCl, thus, the Pt tip electrode was held at a
potential of ET = 0.5 V vs Ag/AgCl to ensure complete
diffusion-limited oxidation of the Fe(II) species origi-
nally present in solution to Fe(III). The graphene sub-
strate electrodewas biased at ES =�0.2 V vsAg/AgCl to
ensure complete reduction of the species generated at
the tip. Positive feedback was observed when the tip
approached the graphene using FeMeOH as mediator
(Figure 2a,b). The tip was scanned over the graphene
surface at a constant tip�substrate separation of 6 μm
to generate a feedback image of the substrate with
an approximate resolution of the radius of the tip
(∼7.5 μm). Nanometer-scale topographic features
have no influence on the response because these
features are 3 orders of magnitude smaller than the
distance between the tip and the substrate. Thus, only
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changes in the heterogeneous electron transfer ki-
netics at the substrate can give rise to changes in the
feedback current. The heterogeneous electron transfer
rate for FeMeOH at a CVD graphene substrate is very
fast, k0 = 4.2 � 10�2 cm/s, as reported earlier by our
group,43 thus approaching complete positive feedback
under conditions described above. In this case, small
changes in the kinetics between defects and more
pristine areas of graphene cannot be distinguished
because of the lack of contrast arising from the fast
interfacial kinetics. Occasional voids in the graphene,
which exposed the underlying silicon wafer, were
created by damaging the graphene surface with a
glass tip. This produced insulating areas in the sub-
strate that disabled the feedback loop.
Imaging was also performed using K3Fe(CN)6 as a

mediator, which has a standard potential of E0 = 0.16 V
vs Ag/AgCl (Figure 2c). K3Fe(CN)6 has been reported to
be highly sensitive to defects on HOPG electrodes with
standard heterogeneous rate constants ranging from

8 � 10�7 to 4.1 � 10�2 cm/s.22,23 The much slower
kinetics, using K3Fe(CN)6, resulted in intermediate to
negative feedback currents (Figure 2d). In our mea-
surements with K3Fe(CN)6, the tip was held at a poten-
tial of ET = �0.1 V vs Ag/AgCl to ensure complete
reduction of the Fe(III) species originally present in
solution to Fe(II), and the graphene electrode was
biased at various potentials: ES = 0.4, 0.6, and 0.8 V vs

Ag/AgCl to regenerate the Fe(III) species. Larger varia-
tions (and thus higher contrast) in the electrochemical
activity of the graphene surface were observed at all
potentials using this mediator compared to FeMeOH
which has a much narrower range of heterogeneous
kinetics. At 0.8 V vs Ag/AgCl, a set of clear, localized
defects was observed with size scales ranging up to
hundreds of micrometers, providing a strong contrast
with respect to a more pristine graphene surface.
We propose that different defects may have different
chemical or physical identities, leading to a wide
range of electron transfer kinetics using K3Fe(CN)6 as

Figure 1. SECM in the feedbackmode: (a) probe electrode far away from substrate electrode, iT,inf; (b) probe electrode close to
a conducting substrate results in positive feedback current; (c) probe electrode close to an insulating substrate results in
negative feedback current; (d) feedback current profiles for conducting and insulating substrates; (e) feedback current
profiles varying K (K = kr/D) where r = 7.5 μm and D = 1 � 10�5 cm2/s.
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mediator. It is important to note that topographic
features cannot be observed in this case. Topological
features resulting in a smaller d would still give the
same negative approach curve followed by a current
overload when the tip crashes into these features. This
current would be at least a few orders of magnitude
higher compared to the usual SECM feedback current.
We used K3Fe(CN)6 as mediator with the graphene
electrode biased at ES = 0.8 V vsAg/AgCl because under
these conditions, the SECM feedback current depends
strongly on the kinetics of the graphene imperfections/
defects. In addition, oxidative damage to the graphene
surface is unlikely at this potential.
To study the influence of graphene imperfections in

a more controlled manner, we created mechanically
and chemically induced defects. Optical microscopy
images before and after the deliberate creation of
defects are available in Figure S1 of the Supporting
Information. Mechanical defects were created by dam-
aging the graphene surface with a glass tip using a
piezoelectric positioner. Figure 3a shows the schematic
of a mechanical defect;a hole in the graphene. The
defect and its surrounding areas were examined using

SECM as shown in Figure 3b. The edges of the defect
show a much higher feedback current than the sur-
face of the graphene far from the defect. The feed-
back currents correspond to kf values between∼4.5�
10�5 cm/s for bulk graphene and∼2.6� 10�4 cm/s for
defect sites (Supporting Information, Figure S2). This
result indicates that the defect sites have higher
electron transfer kinetics by approximately an order
of magnitude, and thus, are more reactive than the
overall surface of graphene. This is in agreement with
previous computational and STM results.15 The higher
activities observed on mechanical defects could
be due to the exposed edges in the graphene surface
and perhaps to the chemical oxidation of sp2 carbons
in an aqueous environment. The higher activity of
defects on HOPG has been studied thoroughly.18�25

This result could also explain the higher heteroge-
neous electron transfer kinetics reported for graphene
paste which is smaller in size and therefore high in
edge density when compared to the individual mono-
layer graphene used in this study. Furthermore, it
is difficult to distinguish the contributions to the
rate of the underlying substrates typically used in the

Figure 2. SECM images of monolayer graphene with different mediators. (a) Positive feedback SECM image showing
graphene in red and exposed Si/SiO2 in bluewith 1mMFeMeOHasmediator. The graphene electrodewas biased at�0.2 V vs
Ag/AgCl and the tipwasbiased at 0.5 V vsAg/AgCl. (b) Positive feedback current profile as the tip approaches apristine areaof
the graphene surface. (c) An intermediate-negative feedback SECM image showing the bulk graphene in green/blue and
defects of higher activity in orange with 2 mM K3Fe(CN)6 as the mediator. The graphene electrode was biased at 0.8 V vs
Ag/AgCl and the tipwas biased at�0.1 V vsAg/AgCl. (d) Intermediate-negative feedback current profile as the tip approaches
a pristine area of the graphene surface. The large features in the SECM images coincide with regions in which graphene was
deliberately removed by scratching the surface with a glass tip.
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graphene paste experiments. In our experiments, the
underlying substrate is Si/SiO2 so no such ambiguity is
present.
We investigatedwhether the enhanced electrochem-

ical reactivity of the mechanically induced defects
could be passivated by selective electropolymerization
of o-phenylenediamine (OPD), following the work of
Bard and co-workers on the selective passivation of
imperfections in n-WSe2 and n-MoSe2 semiconductor
electrodes.41 We immersed the graphene electrode in
a solution of OPD and swept its potential between 0
and 0.8 V vs Ag/AgCl as shown in Supporting Informa-
tion, Figure S3. After one cycle of potential sweep, we
exchanged the OPD solution with a fresh K3Fe(CN)6
solution for SECM imaging. A small increase in the
feedback current was often observed after the first
cycle. This could be due to the competitive desorption
of impurities on the graphene that previously could
have partially blocked electron transfer or the initial
formation of an electrochemically active species on the
graphene electrode surface. However, after an addi-
tional three potential sweeps, we observed a dramatic
decrease in the activity of the active edges, as observed

in Figure 3c, indicating that the electrochemically
inactive OPD polymer passivated the reactivity of
graphene defects. Note, compared to Figure 3b, the
overall electrochemical activity of the graphene elec-
trode decreased slightly. This small decrease could be
due to either the passivation of widely distributed
small defects on the graphene surface by the electro-
polymerization process or to the electropolymerization
of OPD on the pristine surface. Additional experiments
suggest the presence of widely distributed defects on
graphene, and it is most likely that OPD will attack
these defect sites before the pristine areas. The care-
fully controlled electropolymerization of OPD is able
to effectively passivate the active mechanically gener-
ated defects while causing little impact on the electro-
chemical activity of the bulk graphene surface. Upon
further electropolymerization of OPD, an insulating
film started to form on the graphene surface, diminish-
ing the activity of the entire graphene surface. The
possible mechanism of film formation and film thick-
ness will be discussed in a later section.
The reactivity of chemically induced defects was

also examined. Arrays of small droplets of an oxidizer,

Figure 3. SECM images of a mechanically induced defect and its passivation: (a) schematic of a mechanically induced defect
(not to scale) on the graphene electrode; (b) SECM image of graphene with mechanically induced defect; (c) mechanically
induced defect after four cycles of OPD electropolymerization. SECM tip, Pt radius = 7.5 μm biased at �0.1 V vs Ag/AgCl;
graphene electrode, biased at 0.8 V vs Ag/AgCl; mediator, 2 mM K3Fe(CN)6; electrolyte, 0.2 M PBS.

Figure 4. SECM images of a chemically induced defect and its passivation: (a) chemically induced defect using NaOCl;
(b) chemically induced defect after a total of four cycles of OPD electropolymerization. Chemically induced defects were
induced by droplets of 10mMNaOCl. SECM tip, Pt radius = 7.5 μmbiased at�0.1 V vs Ag/AgCl; graphene electrode, biased at
0.8 V vs Ag/AgCl; mediator, 2 mM K3Fe(CN)6; electrolyte, 0.2 M PBS.
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NaOCl, were dispensed onto the graphene electrode
using a piezoelectric dispenser. The samplewas heated
to 100 �C for 30min to accelerate the oxidative etching
process. The graphene was then rinsed with copious
amounts of water to remove any remaining NaOCl
residues. Small holes of∼30� 30 μm2 can be observed
at the droplet site as shown in Figure 4a. We initially
observed a higher feedback current around the edges
of the defect and a slight increase in current after one
cycle of OPD deposition as seen with the mechanically
induced defects. Upon sweeping the potential for an
additional three cycles, there was a significant de-
crease in the activity of the defect sites (Figure 4b).
Finally with further cycling, an insulating film of OPD
developed. A smaller contrast in activity between the
defect sites and the overall graphene, compared to
that of mechanical defects, suggests possible differ-
ences in the chemical functionalization or defect con-
centrations. A smaller passivating effect is observed
in the chemically induced defect compared to the
mechanically induced defects with the same number
of polymerization cycles. This discrepancy can be
explained by the variation in reactivity toward OPD
polymerization of the two types of defects. (We also
observe differences between chemically induced
and mechanically induced defects in Raman mapping
experiments of D band intensity (Supporting Informa-
tion, Figure S4), similar to previous studies by the
groups of Saito and Brus.44,45) Despite the possible
differences, OPD electropolymerization passivated the
defect sites efficiently after a few cycles, while retaining
the pre-existing activity of the bulk graphene electrode
as was similarly observed in the case of mechanically
induced damage
As noted above, while the electropolymerization of

OPD successfully passivated the mechanically- and
chemically induced defects, a concomitant decrease
in the feedback current of the bulk graphene surface
was also observed after many cycles. We believe that
CVD graphene exhibits many defects and can be

passivated by the electropolymerization process,
hence the lower feedback current. Because of the
instability of structural defects due to strain energies,
they are prone to chemical attack by foreign atoms in
the environment;most likely oxygen-containing
groups. Carboxylic acid functionalized defects are
among themost abundant chemical functional groups
on carbon materials and can readily react with amino-
functionalized groups using an activator such as dicy-
clohexylcarbodiimide (DCC). As a test, graphene was
reacted with an amino-functionalized ferrocene in the
presence of DCC. Figure 5 panels a and b show images
of a graphene “coastline” (left portion is graphene,
right portion is Si/SiO2) before and after the ferrocene
functionalization. A comparison of these images shows
a dramatic difference in feedback current. The increase
in activity is due to the higher electron transfer kinetics
of the redox-active ferrocene pendant. The homoge-
neity indicates that carboxylic acid-functionalized de-
fects exist all over the graphene surface and are
functionalized by the ferrocene derivative. This experi-
ment explains why there is a decrease in feedback
current over the entire CVD graphene electrode after
four cycles of OPD electropolymerization. As shown in
Supporting Information, Figure S5, this effect was not
observed in the absence of the amino-functionalized
ferrocene in the same reaction mixture.
The electropolymerization of o-phenylenediamine

(OPD) has been previously studied intensively because
of its application in electronics and biosensors.41,46,47

A thin film of OPD started to grow on graphene after
sweeping the potential for more than 10 cycles. The
formation of this film could possibly serve as a pro-
tective or insulating layer in graphene applications,
for instance, selective protection of graphene from
aggressive solvents and prevention of defect-induced
oxidative damage to graphene. To explore the pro-
perties of the OPD polymer film, we performed
experiments with FeMeOH as the mediator. As men-
tioned earlier, in a previous study, we had

Figure 5. SECM images of aminoferrocene functionalization experiments on graphene: (a) bare graphene (green, yellow, red)
and Si/SiO2 substrate (blue); (b) graphene after aminoferrocene functionalization showing a significant increase in feedback
current (red). SECM tip, Pt radius = 7.5 μm biased at �0.1 V vs Ag/AgCl; graphene electrode, biased at 0.8 V vs Ag/AgCl;
mediator, 2 mM K3Fe(CN)6; electrolyte, 0.2 M PBS.
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determined the rate constant of FeMeOH at a CVD
graphene electrode surface to be k0 = 4.2� 10�2 cm/s.43

FeMeOH is an ideal candidate for probing the barrier
properties of the OPD polymer because it shows nearly
diffusion limited substrate kinetics;almost complete
positive feedback as shown in Figure 2a. At the same
time, it has slow enough heterogeneous kinetics that
the presence of a thin blocking layer at the electrode
would affect the feedback currents in SECM approach
curvemeasurements (Supporting Information, Figure S6).
Two possible electron transfer mechanisms through

theOPD film can be proposed and studied using SECM.
The first one treats theOPD film as an insulating film for
which electron tunneling through the film controls the
rate of electrochemical reaction (Figure 6a).48,49 In this
case, the apparent rate of electron transfer can be
described by

kapp ¼ kfe
�βx (2)

where kf is the rate of electron transfer of the forward
reaction in the absence of the insulating layer, β is the
tunneling constant which is controlled by the nature of
the polymer chain and ranges from 0.4 for π-conju-
gated molecules to 1.2 Å�1 for saturated chains, and
x is the thickness of the film.50 From the Butler�Volmer
formalism, the kinetics of the forward reaction de-
pends on the difference between the substrate

potential (ES) and the standard potential (E0),34 that
is, the effective overpotential:

kf ¼ k0e�Rf (ES � E0) (3)

where k0 is the standard heterogeneous rate of elec-
tron transfer, R is the transfer coefficient, and f =
38.94 V�1 at 298 K. Plotting the natural logarithm of
kapp against x yields a line of slopeβ and a y-intercept of
kf(E) where kf(E) represents the potential-dependent
forward rate constant. If evaluated at different sub-
strate potentials, this intercept should show a depen-
dence on ES � E0, and k0 can be determined by
extrapolation. Here we assume that the thickness of
the OPD film has a linear dependence on the number
of oxidative electropolymerization cycles.
In the second proposed mechanism, the polymer

film is permeable.51�54 Provided that the film is elec-
trochemically inactive and uniform, mediator mole-
cules must partition into the film to complete the
redox reaction (Figure 6b). The apparent rate of
electron transfer can then be described by

kapp ¼ PDfilm

x
(4)

where the P is the permeability constant, Dfilm is the
diffusion coefficient of the mediator in the film, and x

is the thickness of thefilm. In this case, the rateof electron

Figure 6. Determination of the properties of the OPD film on graphene: (a) schematic of electron tunneling through an
insulatingfilm; (b) schematic of electron transfer through apermeablefilm; (c) plot of ln(kf) vs x following the tunnelingmodel;
(d) plot of kf vs 1/x following the permeation model. The unit of kapp is cm/s.
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transfer is inversely dependent on the thickness of the
film, regardless of thepotential of the substrate electrode.
Figure 6 panels c and d show the plots corresponding

to the two scenarios described for rate constants extracted
from approach curves obtained at different substrate
potentials and different numbers of OPD polymerization
cycles. An example of the determination of the rate con-
stants is shown in Supporting Information, Figure S7. A
well-correlated linear responsewasobtainedwhenassum-
ing the electron tunnelingmechanism through the block-
ing layer at a number of oxidative polymerization cycles
larger than 10. For less than 10 cycles of OPD
polymerization, less than a monolayer is formed.
The extrapolated value of k0 in this case is 2 �
10�3 cm/s. The strong potential dependence on
the measured rates excludes the permeation me-
chanism, indicating that the tunnelingmodel is more
plausible and that the OPD film is insulating. Assum-
ing a β value of 0.6 Å�1 for π-conjugated systems,
the growth rate of the film on graphene can be
extrapolated from the slope to be 20 Å for every
10 cycles.

CONCLUSIONS

We have examined the spatially resolved electro-
chemical activity of monolayer CVD graphene imper-
fections using SECM. K3Fe(CN)6 was our mediator of
choice because it provides good contrast of the elec-
trochemical activity of the defect sites versus pristine
graphene. The variations in feedback current indicate
that the defect sites have very different electron
transfer kinetics compared to the overall graphene
surface as predicted by computational studies and
STM.15,27�29 By carefully controlling the concentration
and the number of oxidative cycles in the electropoly-
merization of OPD, we selectively passivated the activ-
ity of graphene defects. The slight decrease in overall
electrochemical activity is believed to be the passiva-
tion of inherent defect sites. With further electropoly-
merization, an insulating thin film of OPD was formed,
covering the bulk graphene electrode.We are currently
working to improve the spatial resolution of our SECM
by fabricating nanosized probe electrodes to examine
the defects inherent to the growth and fabrication of
graphene.

METHODS
Materials. All chemicals were used as received without fur-

ther purification unless otherwise stated. The DI water used in
these experiments was purified with a Millipore water purifica-
tion system. Potassium chloride (KCl), sodium sulfate (Na2SO4),
and 0.2 M phosphate buffer (PBS, pH 6.8) were used as elec-
trolyte and were purchased from Mallinckrodt Chemicals.
o-Phenylenediamine (OPD, 99.5%, Sigma-Aldrich) was recrys-
tallized from ethyl acetate.

CVD Graphene. Monolayer graphene was grown by chemical
vapor deposition on Cu foil (0.025 mm thick, 1 � 1 cm2, 99.8%,
Alfa Aesar). The copper foils were treated with acetone (10 s, AR,
Mallinckrodt Chemicals), water (DI), glacial acetic acid (10 min,
Mallinckrodt Chemicals), water (DI), acetone (10 s), and isopro-
pyl alcohol (10 s, BDH) before growth. They were then loaded
into a quartz tube in a tube furnace. The systemwas pumped to
8.0� 10�5 Torr. After reaching the base pressure, 300 sccmof H2

(99.999%, Airgas) was flowed, and it was present for the entire
growth process. The system was then heated at 1000 �C for
10 min, and the graphene was grown under the flow of 157.5
sccmof CH4 (99.999%, Airgas) for 13min. After removal from the
furnace, the graphene was transferred from the Cu foil to an
oxidized Si substrate. For support during the transfer, 8% PMMA
in anisole (Nano 495 PMMA series resists in anisole, MicroChem)
was first spin coated on top of the graphene at 4000 rpm for
60 s. The Cu�graphene�PMMA multilayer was then floated
on a ferric chloride etch solution (CE-100 grade, Transene
Company) to remove the Cu. The graphene�PMMAmembrane
was transferred into fresh DI water six times to remove residual
impurities. Finally, the membrane was scooped out of DI water
with a piece of plasma-cleaned Si/SiO2 substrate (300 nm SiO2,
prime grade, Silicon Quest International). The chip was blow-
dried using N2 (99.999%, Airgas). To remove the PMMA, the chip
was soaked in anisole (2 h, 99.7%, Sigma-Aldrich), dichloro-
methane (Mallinckrodt Chemicals) and acetone mixture (1:1, 4
h), and isopropyl alcohol (2 h). The quality of the graphene was
characterized using a Renishaw InVia Confocal Raman micro-
scope (Renishaw, Gloucestershire, UK) using a 488 nm laser
(Supporting Information, Figure S8). The average grain size of
the graphene is approximately 0.25�1.7 μm.55

Electrical Contact to the Graphene. We used a CVC SC4500
electron-gun evaporator to deposit 20 Å of Ti (99.995%, Kurt J.
Lesker Company) onto one end of the single-layer graphene as
an adhesion layer followed by 1000 Å of Au (99.999%, Kurt J.
Lesker Company).

SECM Probe Electrode. The SECM tip was fabricated by insert-
ing a Pt wire (radius r = 7.5 μm, 99.99%, Goodfellow) into a glass
capillary tube with a sealed end as reported elsewhere.35 The
capillary tube was heated slowly to melt onto the Pt-wire under
vacuum starting from the sealed end. After reaching the desired
length, the sealed Pt microwire was exposed and a back contact
wasmade using an InGa eutectic. The tipwas sharpened to an RG
(thickness of glass/r) value of 10, and it was tested electroche-
mically (steady state voltammetry) to verify its geometric area.

Electrochemistry. SECM and electrochemical measurements
were carried out using a CHI 900 SECM/potentiostat (CH Instru-
ments, Austin, TX). A homemade Teflon SECM cell was used. A
monolayer CVD graphene electrode and a Pt ultramicroelec-
trode were employed as the substrate and probe electrodes,
respectively. Fresh monolayer CVD graphene electrodes were
prepared for each experiment. The Pt ultramicroelectrode was
polished using 1 μm alumina on microcloth pads (Buehler) and
sonicated in water before each use. A Ag/AgCl saturated KCl
reference electrode, isolated from the working electrolyte solu-
tion through an agar/0.1 M potassium nitrate bridge to prevent
excessive chloride or silver contamination, and a Au wire
counter electrode were used. In the mediator selection experi-
ment, 1 mM of hydroxymethylferrocene (FeMeOH, Alfa Aesar)
with 0.1 M KCl in water and 2 mM potassium ferricyanide
(K3Fe(CN)6, Fisher Chemicals) in phosphate buffer were em-
ployed. Mechanical defects were induced using a glass tip
approximately 20 μm in radius. Chemical defects were created
using microdroplets (ranging from 50 to 100 μm in diameter) of
10 mM NaOCl in water (final pH ≈ 8, diluted from a concen-
trated 5.25% solution, BP) dispensed by a piezoelectric micro-
dispenser with an orifice 30 μm in diameter (Microfab Inc. Plano,
Texas). OPD (13.7 mM) and Na2SO4 (0.1 M) were prepared in
borate buffer (pH 8.1) and the solutions were stored in a dark
environment. Electropolymerization of OPD on graphene was
carried out by potential cycling between 0 andþ0.8 V vs Ag/AgCl
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at 0.1 V/s for the desired number of cycles. In the carboxylic
acid-aminoferrocene coupling reaction, a solution of 2 mM of
aminoferrocene (96%, TCI America) and 4 mM of N,N0-dicyclo-
hexylcarbodiimide (DCC, 99%, Sigma-Aldrich) in N,N-dimethyl-
formamide (DMF, Mallinckrodt Chemicals) was poured into the
electrochemical cell containing the graphene substrate elec-
trode and reacted overnight.

All approach curves and tip positioning procedures were
analyzed using reported expressions.56,57 For feedback imaging
experiments, potassium ferricyanide (between 1 and 2 mM) in
0.2MpH 7 phosphate bufferwas used. The SECM tip, ET =�0.1 V
vs Ag/AgCl, was positioned by a negative feedback-like ap-
proach curve obtainedwith the substrate at open circuit. During
imaging, the substrate electrodes were biased to ES = 0.8 V vs
Ag/AgCl unless noted otherwise. For feedback experiments
after deposition of OPD, hydroxymethylferrocene (∼1 mM) in
0.1 M potassium chloride was used. The SECM tip, ET = 0.4 V vs
Ag/AgCl, was positioned by a positive feedback-like ap-
proach curve obtained with the substrate at an appropriate
potential. In all OPD deposition experiments, care must be
taken not to immerse the Pt tip into the deposition solution,
as it was observed that even in the absence of tip biasing, the
OPD solution would poison the Pt tip so that distorted
voltammograms, of otherwise reversible mediators, were
observed. For this reason, between each round of OPD
deposition and SECM imaging the electrochemical cell was
rinsed, at least 10 times, with DI water and the salt bridge was
replaced.
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