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G
raphene has received widespread
attention due to its unique electronic,
mechanical, and optical properties.1,2

As a single layer of carbon atoms, graphene
is two-dimensional and fully composed of
surfaces. Thus, surface chemistry plays a
major role in determining its properties.
For example, molecules and atoms ad-
sorbed on graphene surfaces are known to
serve as local doping sites that significantly
alter graphene's electronic properties.3,4

Several techniques have been developed
to study the interactions between mole-
cules and graphene surfaces. For example,
Raman spectroscopy has been widely em-
ployed to characterize the quality of the
graphene surface and to detect molecules
bound to graphene,5-7 and scanning tun-
neling microscopy has been used to image
molecules on graphene.8 However, these
techniques provide limited information
about the kinetics of graphene-molecule
interactions.
Electrochemistry provides a means to

measure electron transfer kinetics and inter-
actions between molecules and electrode
surfaces.9-11 Carbon materials, in various
forms, have been extensively used as elec-
trodes inboth academic studies and industrial
applications.12 In particular, electrochemical
studies on novel forms of carbon materials,
including carbon nanotubes,13,14 fullerene
films,15 and doped diamond,16 have re-
vealed rich surface chemistry. Recent elec-
trochemical studies on chemically synthesized
graphene pastes suggest that graphene may
have favorable electron transfer kinetics.17-21

However, these studies were restricted to
powders of synthesized graphene flakes
attached to Pt or glassy carbon electrodes,
and questions remain as to whether the
improved electron transfer kinetics simply
reflects an increase in the microscopic sur-
face areas.22 The electrochemistry of and at
individual monolayer graphene sheets has
not been reported previously.

Here we report on the fabrication and
study of devices in which a well-defined

area of single-layer graphene served as the

working electrode in electrochemical ex-

periments. We examined bothmechanically

exfoliated graphene and chemical vapor

deposited (CVD) graphene, with a focus on

investigating the interactions between gra-

phene and the simple redox molecule fer-

rocenemethanol (FcMeOH). Mechanically

exfoliated graphene was chosen for its

advantage of being a single crystal with

the least density of defects, while CVD

graphene23,24 provides large areas, good

uniformity, and is relatively easily trans-

ferred to a SiO2 substrate and so provides

a promising way for volume production of

devices. We used cyclic voltammetric mea-

surements to characterize the effective

areas of the graphene devices and found

good agreement with the geometric area

of the graphene sheets, indicating that the

redox reactions occur on clean, well-de-

fined areas of graphene surface. We were

thus able to use electrochemical techniques

to characterize the electron transfer rates

between FcMeOH and graphene, finding
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ABSTRACT We report on the fabrication and measurement of devices designed to study the

electrochemical behavior of individual monolayer graphene sheets as electrodes. We have examined

both mechanically exfoliated and chemical vapor deposited (CVD) graphene. The effective device

areas, determined from cyclic voltammetric measurements, show good agreement with the

geometric area of the graphene sheets, indicating that the redox reactions occur on clean graphene

surfaces. The electron transfer rates of ferrocenemethanol at both types of graphene electrodes were

found to be more than 10-fold faster than at the basal plane of bulk graphite, which we ascribe to

corrugations in the graphene sheets. We further describe an electrochemical investigation of

adsorptive phenomena on graphene surfaces. Our results show that electrochemistry can provide a

powerful means of investigating the interactions between molecules and the surfaces of graphene

sheets as electrodes.
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interesting differences relative to analogous measure-
ments on bulk graphite. In addition, we further demon-
strate the real-time electrochemical detection of
molecular desorption from graphene surfaces.

RESULTS AND DISCUSSION

Figure 1 illustrates the structure of our devices and
the fabrication scheme. A monolayer graphene sheet
was first deposited onto a SiO2-coated Si substrate. As
noted above, two types of graphene, namely,mechani-
cally exfoliated graphene and CVD graphene, were
investigated. For both types of graphene, optical litho-
graphy was then employed to connect each piece of
graphene to at least two metal leads (Figure 1a). A
resistance of ∼1 kΩ was typically found in two-point
measurements between the leads, indicating good
contacts to the graphene. A 100 nm Al2O3 layer
(Figure 1b), followed by a 600 nm parylene layer
(Figure 1c), was deposited to isolate the metal leads
from the solution in electrochemical experiments. An
oxygen plasma was employed to remove a region of
the parylene layer above the graphene while keeping
the metal leads covered (Figure 1d). Finally, a window
through the Al2O3 layer was made using a wet etch to

expose a well-defined area of the graphene surface
(Figure 1e). This design ensures that graphene is the
only electrochemically active surface that is in contact
with the solution during electrochemical measure-
ments. In addition, the fabrication steps were chosen
to minimize the likelihood of contaminating the gra-
phene. The maximum sizes of the exposed graphene
surfaces were ∼15 � 15 μm2 for the mechanically
exfoliated graphene and ∼0.38 � 0.50 mm2 for the
CVD graphene since CVD graphene can be formed in
much larger sheets than exfoliated graphene. In the
final step, vacuum annealing at 350 �C was used in an
attempt to remove organic residuals whichmight have
remained on the graphene surface after processing. A
related device design has been used previously to
study the quantum capacitance of graphene.25

The fabricated graphene electrodes were character-
ized usingmultiplemethods to confirm the quality and
cleanliness of the graphene surface. Figure 2a shows
micro-Raman spectra of the graphene working elec-
trodes after the device fabrication process was com-
pleted. For both types of graphene, a symmetric single
peak is observed for the 2D band, whose peak intensity
is significantly higher than the G peak. These results

Figure 1. Procedure for fabricatingmonolayer graphene sheets intoworking electrodes for electrochemical characterization.

Figure 2. Raman and AFM characterization of the graphene working electrodes. (a) Raman spectra of the graphene working
electrodes, after the device fabrication process was completed. (b) AFM image of the surface of a working electrodemade of
exfoliated graphene. A cross-sectional profile is given for the line in the top panel. Scale bar: 2 μm. (c) AFM image of the
surface of a working electrode made of CVD graphene. Note that the entire area in (c) is within the surface of the CVD
graphene electrode. Scale bar: 2 μm.
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confirm that the graphene electrodes investigated in
this study are high-quality single layers.26 For electro-
des made of mechanically exfoliated graphene, no
observable D peak was evident at ∼1350 cm-1, in-
dicating that the graphene sheet is clean and (at the
resolution limit of micro-Raman) defect-free. In com-
parison, a small D peak is observed for electrodesmade
of CVD graphene,27-29 indicating a less pristine layer,
as is generally the case for such samples.
Atomic force microscopy (AFM) images of the de-

vices further confirmed these observations. Dust- and
dirt-free surfaces (rms roughness ∼180 pm away from
the larger wrinkles) were observed for electrodesmade
of exfoliated graphene sheets (Figure 2b). Nanoscale
surface corrugations, known to be intrinsic to gra-
phene sheets,30,31 were clearly evident, in addition to
wrinkle-like structures32 visible in the cross-sectional
profile in Figure 2b. The step height of the graphene
layer with respect to the SiO2 substrate was∼0.8 nm, in
good agreement with the known value for clean
graphene (0.5 to 1 nm).33 In comparison, electrodes
made of CVD graphene sheets weremore disordered;
features including larger wrinkles, particulates, and
domain-like structures were observed following the
CVD growth and transfer process (Figure 2c).23

We now turn to a discussion of the electrochemical
measurements. Figure 3a shows cyclic voltammo-
grams measured using an exfoliated graphene elec-
trode in FcMeOH solution at different scan rates.
FcMeOH was chosen for this study for its simple redox
behavior (one-electron outer sphere process) and
good chemical stability in an aerobic aqueous environ-
ment. We observed sigmoidal voltammograms and
scan-rate-independent limiting steady-state currents,
both characteristic of radial diffusion at ultramicro-
electrodes.11,34 This is in agreement with the graphene
electrode area, which had lateral dimensions smaller
than the characteristic length used to define an ultra-
microelectrode (∼25 μm).11 The slight hysteresis in the
forward and reverse sweeps is due to the relatively
large capacitance of the graphene electrode device
when compared to the current level.11 In the follow-
ing discussion, we used the cyclic voltammogram
measured at the slowest scan rate, and carefully
subtracted the background to eliminate the influence
of the capacitance. According to the planar disk
ultramicroelectrode model,11 the effective area (Aeff)
of an ultramicroelectrode is related to the steady-
state current (iss) by

Aeff ¼ π
iss

4nFDC�

0

 !2

(1)

where C0* = 5.2 mM is the FcMeOH concentration, D =
7.4 � 10-6 cm2/s is the diffusion constant of
FcMeOH,35 n = 1 is the number of electrons involved
in the redox reaction, and F is the Faraday constant.
From the experimental iss (9.01 nA), we calculate the

effective area of this graphene electrode to be 117( 8
μm2. This result corresponds well to the geometric
area wemeasured from the AFM image (130 μm2) and
provides evidence that the redox reaction occurs on
the clean graphene surface. Significant contamina-
tion, especially by irreversibly adsorbed species, on
the graphene surface would lower the Aeff,

14 although
this measurement may not be sensitive to non-uniform
small contaminants scattered across the surface.36 Any
current leakage outside the lithographically defined
graphene window would increase the calculated Aeff.
The ultramicroelectrode geometry allows fast reac-

tion kinetics to be measured using voltammetry.10,11 A
plot of E versus log[(iss - i)/i], where i corresponds to
the current measured at an applied potential E, is
commonly used to characterize the reversibility of
the kinetics for ultramicroelectrodes. For a reversible
one-electron transfer reaction in which the reaction

Figure 3. Electrochemistry at an exfoliated graphene
electrode. (a) Voltammograms of FcMeOH (5.2mM) in H2O/
1 M KCl at an exfoliated graphene electrode at different
potential scan rates. Inset: optical image of the graphene
electrode. Scale bar: 10 μm. (b) Plot of E vs log[(iss - i)/i]
(black dots). Red line is a linear fit to the data. (c) Fit of
Butler-Volmer kinetics (eq 2) to the experimental vol-
tammogram (scan rate = 0.02 V/s) for different k0 values.
Inset: close-up view of the dashed square region in the
main figure.
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rate is much greater than the rate of mass transport,
this plot should be linear with a slope of ≈59 mV.11 As
the reaction rate is reduced relative to the mass trans-
port rate, the slope increases. Figure 3b presents a plot
of E versus log[(iss - i)/i] measured at an exfoliated
graphene device. As is evident from the figure, linearity
was very good, and the slope was 58.3 ( 0.3 mV, from
which we conclude that the heterogeneous reaction
rate of FcMeOH at the graphene surface is much
greater than the mass transport rate. We can estimate
a lower limit for the standard heterogeneous charge
transfer rate constant k0 by fitting the experimental
voltammograms to the Bulter-Volmermodel, inwhich
the oxidative current for a one-step, one electron
process is11

iBV ¼
iss

1þ e- F(E- E00 )=RT þ
FAeffC

�

0

iss
k0

 !

- 1

e- F(1-R)(E- E00 )=RT

(2)

where R is the molar gas constant, T is the absolute
temperature, E is the applied potential, E00 is the formal
potential of the redox couple, and R is the transfer
coefficient. Figure 3c shows the best fits of eq 2 to the
experimental data with different fixed k0 values. E00 and
R are used as fitting parameters, withR being confined
to be between 0.3 and 0.711,14 and iss fixed to be 9.01
nA. The fitting quality increasesmonotonically as the k0

value increases. Satisfactory fits are obtained for k0

values larger than ∼0.5 cm/s. We thus estimate the
lower limit of k0 for FcMeOH at the mechanically
exfoliated graphene electrode to be∼0.5 cm/s. Simple
estimations based on the observation that the ultra-
microelectrode voltammogram is reversible10,37 also
gave similar lower bounds of k0 of 0.2-0.6 cm/s.
We also investigated the electrochemical properties

of CVD-grown graphene electrodes. Figure 4a shows
the cyclic voltammograms measured at a CVD gra-
phene electrode in FcMeOH solution at different scan
rates. Peak-shaped voltammograms are observed, as
expected, given the larger area (0.19 mm2) of the CVD
graphene electrode relative to the exfoliated graphene
ultramicroelectrode discussed above. Due to the sig-
nificant currents (∼1 μA) in this measurement, for a
detailed analysis, one should correct for the effect of
uncompensated and/or other sources of resistance.11

Given the three-electrode measurement configuration
and supporting electrolyte concentration (0.1 M KCl) in
the solution, the resistance from the solution is negli-
gible. Thus the major source of resistance comes from
the contact resistance between the metal leads and
the graphene sheet, which is ∼1100 Ohm for the
device presented in Figure 4. We performed the resis-
tance correction as described in ref 11, and the result-
ing peak currents (ip) are plotted in the inset of
Figure 4a as a function of the square root of the scan
rate (v1/2) in which good linearity was observed. Using

the Randles-Sevcik equation,11 the effective surface
area of the graphene electrode was estimated to be
0.172( 0.006 mm2. This, again, is in reasonable accord
with the geometric area of this electrode (0.19 mm2),
indicating that the redox reactions occur predomi-
nantly on a clean graphene surface.
Kinetic parameters for the reaction of FcMeOH with

CVD graphene can be measured from the potential
difference between the oxidation and reduction peaks
(ΔEp) as a function of the scan rate.9,11 As shown in
Figure 4b, ΔEp (after proper resistance correction)
ranges from 68.6 to 72.6 mV and increases at higher
scan rate, indicative of quasi-reversible kinetics in the
system. Following Nicholson's working curve,9,11 these
ΔEp values can be converted into a dimensionless
kinetic parameter ψ that is directly proportional to
the reciprocal of the square root of scan rate, v-1/2:

ψ ¼ k0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RT=(πnFD)
p

v- 1=2
(3)

The standard heterogeneous rate constant k0 can thus
be determined from a linear fit to theψ-v-1/2 relation-
ship (Figure 4b). From the slope, we find k0 to be 0.042
( 0.002 cm/s. To make sure that the relatively high k0

value we obtained on the CVD graphene electrode is
not an artifact resulting from overcorrection of resis-
tance, we have also calculated k0 without resistance
correction. A k0 value of 0.037 cm/s was determined,

Figure 4. Electrochemistry at a CVD graphene electrode. (a)
Cyclic voltammograms of FcMeOH (1 mM) in H2O/0.1 M KCl
measured at a CVD graphene electrode at different poten-
tial scan rates. Inset: plot of the anodic peak current (ip)
versus the square root of the potential scan rate (v1/2). (b)
Peak separation ΔEp and Nicholson's kinetic parameter ψ
versus the reciprocal of the square root of the potential scan
rate (v-1/2). A linear fit is used to determine the standard
heterogeneous charge transfer rate constant (k0).

A
R
T
IC
L
E



LI ET AL. VOL. 5 ’ NO. 3 ’ 2264–2270 ’ 2011 2268

www.acsnano.org

which is ∼90% of the k0 (0.042 cm/s) obtained with
resistance correction, indicating that the resistance
correction only has a minor effect on the final k0 value.
Our values of k0measured on graphene surfaces can

be compared to values from other types of sp2 carbon
surfaces. Using similar experimental and analysis
methods, we found the k0 value of FcMeOH at the
basal plane of a freshly prepared bulk graphite elec-
trode to be 0.007 cm/s; k0 for a similar ferrocene
derivative, ferrocenedicarboxylic acid [Fc(COOH)2], at
the basal plane of graphite has been reported to be
0.003 cm/s.38,39 These values are about 1 order of
magnitude smaller than the k0 we measured at the
CVD graphene electrode (0.042 cm/s) and 2 orders of
magnitude smaller than the k0 we measured on me-
chanically exfoliated graphene (>∼0.5 cm/s). However,
even larger values of k0 have been measured for
ferrocene derivatives at single-wall carbon nanotubes
(SWCNTs), which can be regarded as wrapped gra-
phene sheets: for FcMeOH on SWCNTs, k0 = 1.1 ( 0.4
cm/s,40 and for ferrocenylmethyltrimethylammonium
(FcTMAþ) on SWCNTs, k0= 4( 2 cm/s.14 Recent studies
on graphene pastes have also suggested that gra-
phene may have favorable electron transfer kinetics
when compared to graphite.17-21 The enhanced k0 is
likely related to the observations that graphene (and
SWCNTs) has dramatically enhanced chemical reactiv-
ity when compared to the basal plane of bulk
graphite.5,6,41 This enhancement is generally believed
tobeaconsequenceof the large intrinsic corrugations30,31

of graphene sheets that are not present in the atom-
ically flat surfaces of bulk graphite. The corrugations
lead to considerable curvature and strain in graphene
sheets at the atomic scale, which, in turn, activate the
graphene surface toward chemical reactions.5,6 Recent
theoretical and experimental studies have further in-
dicated that the corrugations in graphene sheets may
also create local midgap states,32,42 which might con-
tribute to the enhancement of k0.39When compared to
exfoliated graphene, the relatively smaller k0 of CVD
graphene may be related to its lower electron
mobility.23

Finally, we have also studied and characterized the
adsorption of FcMeOH onto graphene surfaces. After
voltammetric measurements using CVD graphene in 1
mM FcMeOH for ∼15 min, we rinsed the graphene
electrode thoroughly with deionized water and placed
it in 0.1MKCl solutionwith noadded FcMeOH. Figure 5a
shows the cyclic voltammograms subsequently mea-
sured. We observed oxidation and reduction peaks at
potentials similar to those seen in the diffusive voltam-
mograms recorded in FcMeOH solution (Figure 4a).
However, the current levels weremore than 2 orders of
magnitude lower. These peaks were not present in the
voltammograms of control CVD graphene electrodes
that had not been previously exposed to FcMeOH
in pure electrolyte solution without added FcMeOH

(Figure 5a). We conclude that the signals arise from
FcMeOH molecules adsorbed onto the CVD graphene
surface. In addition, the amplitudes of these peaks
decreased during continuous cyclic voltammetric scans
on a time scale of ∼100 s and tended to stabilize to
finite values after ∼5 min (Figure 5a inset), indicating
that a fraction of the adsorbed FcMeOHmolecules can
gradually desorb from the surface (likely due to weak
adsorption) but that some electrochemically active,
irreversibly adsorbed material remains. Figure 5b
shows cyclic voltammograms measured at different
scan rates after the desorption process had reached a
steady state. The peak separations (ΔEp) at different
scan rates ranged from40 to 54mV, significantly smaller
than the ΔEp value of diffusive cyclic voltammograms

Figure 5. Real-time electrochemical detection of the de-
sorption of FcMeOH from graphene surfaces. (a) Black line:
cyclic voltammograms measured on a CVD graphene elec-
trode in 0.1 M KCl solution, after the adsorption of FcMeOH
on the graphene surface. Gradual desorption of FcMeOH is
observed. Scan rate is 0.4 V/s. Red line: background vol-
tammogram of a control electrode made from the same
graphene sheet without FcMeOH adsorption. Inset: de-
crease of the anodic current peak (ip) as a function of time.
(b) Cyclic voltammograms measured at different scan rates
after the desorption process reached equilibrium. Curves
from black to pink represent cyclic voltammograms mea-
sured at 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, and 0.5 V/s,
respectively. (c) Plot of the anodic peak current (ip) and peak
area (Sp) versus the scan rate (v).

A
R
T
IC
L
E



LI ET AL. VOL. 5 ’ NO. 3 ’ 2264–2270 ’ 2011 2269

www.acsnano.org

(59 mV),11 providing additional evidence that the
current peaks come from FcMeOHmolecules adsorbed
onto the graphene surface. Figure 5c presents the
anodic peak current (ip) versus scan rate (v) after
appropriate background subtractions. The ip-v curves
are linear, as expected11 for the redox reaction of an
adsorbed species. The surface concentration of ad-
sorbed FcMeOH can be estimated based on the area
underneath the cyclic voltammetry peaks according to

Sp ¼

Z

p
idV ¼ nvFAeffΓ (4)

where Sp is the area under the peak, Aeff is the effective
area of the electrode, and Γ is the surface coverage.
From a linear fit of the peak areas to the scan rate
(Figure 5c), we find Γ = 1.1 � 10-11 mol/cm2. When a
∼4.5 Å diameter for FcMeOH molecules is assumed,43

this corresponds to ∼1% of a monolayer coverage on
the graphene surface. This value is comparable to what
we observe on bulk graphite surfaces (∼2%monolayer
coverage) but considerably lower than the reported
adsorption of ferrocene on glassy carbon electrodes
modified by multiwalled carbon nanotubes.44 We did
not detect adsorption of FcMeOH on exfoliated gra-
phene electrodes. Because of the much smaller area of

these electrodes, we estimate that thismeasurement is
not sufficiently sensitive when the surface coverage
is below ∼10%. On the other hand, graphene sheets
of larger areas are hard to produce through the
standard exfoliation method.45 The small FcMeOH
coverage on CVD graphene suggests that the irre-
versible adsorption of FcMeOH occurs primarily at
local defect sites.

CONCLUSIONS

In conclusion, we have performed electrochemical
studies of individual monolayer graphene sheets de-
rived from bothmechanically exfoliated graphene and
CVD graphene. Careful device design ensured that all
redox reactions occur on clean graphene surfaces
within well-defined areas. We found that the electron
transfer rates of graphene electrodes aremore than 10-
fold faster than the basal plane of bulk graphite, likely
due to the presence of corrugations in the graphene
sheets. We also demonstrated the electrochemical
detection of (likely irreversible) adsorption of FcMeOH
onto CVD graphene. Our results demonstrate that
electrochemistry provides a powerful means to inves-
tigate the interactions between molecules and the
surfaces of graphene sheets used as electrodes.

EXPERIMENTAL METHODS

Fabrication of Graphene Electrodes. Mechanically exfoliated gra-
phene sheets were extracted from Kish graphite flakes and
deposited onto Si wafers with a 300 nm thermal oxide through
the standard “scotch tape” method.45 CVD graphene sheets
were grown on 25 μm thick copper foils using methane and
hydrogen23 and transferred onto the SiO2-Si substrate follow-
ing the procedure described in ref 24. The graphene sheet was
connected by two metal leads (1 nm Cr/50 nm Au) at one end
using optical lithography (Figure 1a). To isolate the metal leads
from the electrolyte solution, a 100 nm Al2O3 layer was depos-
ited by e-beam evaporation at a deposition rate of ∼1 Å/s
(Figure 1b), followed by a 600 nm thick layer of parylene
(Figure 1c). To expose the graphene surface, an oxygen plasma
was employed to pattern the parylene layer (Figure 1d), and a
windowwas opened in the Al2O3 layer through awet etch using
AZ 300 MIF photoresist developer (Figure 1e). In the final step,
vacuum annealing at 350 �C was used to remove possible
residuals on the graphene surface.

Raman and AFM Characterization. The Raman spectra were re-
cordedwith aRenishaw InViamicro-Raman systemusinga488nm
laser and a 2400 lines/mm grating. A confocal microscope with a
50� objective lens was used to record spectra at a spatial
resolution of ∼2 μm. AFM characterization was performed on a
VeecoDimension 3100AFM in tappingmodewithanOlympus tip.
Typical values for the force constant, resonance frequency, and tip
radius were 42 N/m, 340 kHz, and <10 nm, respectively.

Electrochemical Measurements. Cyclic voltammograms were
measured in a three-electrode configuration using a CH Instru-
ment model 900 potentiostat. The fabricated graphene elec-
trode was used as the working electrode. Ag/AgCl (saturated
KCl) and Pt were used as the reference and counter electrodes,
respectively. A micromanipulator was used to smoothly insert
the graphene electrode into the solution. The cell was placed in
a Faraday cage on top of an optical table to reduce electronic
and acoustic noise.
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