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ABSTRACT: Improving electrochemical activity of graphene is crucial for its
various applications, which requires delicate control over its geometric and
electronic structures. We demonstrate that precise control of the density of
vacancy defects, introduced by Ar+ irradiation, can improve and finely tune the
heterogeneous electron transfer (HET) rate of graphene. For reliable
comparisons, we made patterns with different defect densities on a same
single layer graphene sheet, which allows us to correlate defect density (via
Raman spectroscopy) with HET rate (via scanning electrochemical
microscopy) of graphene quantitatively, under exactly the same experimental
conditions. By balancing the defect induced increase of density of states (DOS)
and decrease of conductivity, the optimal HET rate is attained at a moderate
defect density, which is in a critical state; that is, the whole graphene sheet
becomes electronically activated and, meanwhile, maintains structural integrity.
The improved electrochemical activity can be understood by a high DOS near
the Fermi level of defective graphene, as revealed by ab initio simulation, which enlarges the overlap between the electronic states
of graphene and the redox couple. The results are valuable to promote the performance of graphene-based electrochemical
devices. Furthermore, our findings may serve as a guide to tailor the structure and properties of graphene and other ultrathin two-
dimensional materials through defect density engineering.

1. INTRODUCTION

The rational control of the structural, electronic, and chemical
properties of graphene is an important issue for its dedicated
applications. As a new type of carbon electrode, graphene
provides opportunities to understand the fundamental electro-
chemistry of a single atomic carbon layer.1−5 It also shows great
potential for application in capacitance6 and electrocatalysis.7−9

As for electrocatalysis, the performance of graphene is still not
comparable with Pt-based catalysts and requires further
improvement. The performance of graphene relies strongly
on its geometric and electronic structures. Great efforts have
been made on structural modifications to improve its
performance.10,11 Defects in graphene,12 especially the point
defects, have been found to be capable of modifying the local
atomic structure and tailoring its mechanical,13 electronic,14

magnetic,15 and plasmonic16 properties. We demonstrate here
that precise control of the density of vacancy defect allows a
fine-tuning of the electrochemical activity of graphene.
In electrochemistry, the edge plane were consider to be

much more reactive than the basal plane for graphite-based
electrodes.17−24 However, recent studies by scanning electro-
chemical (cell) microscopy (SEC(C)M) with high spatial
resolution revealed that there is no apparent difference between

the basal and edge plane sites of graphite and carbon
nanotubes.25−27 The activity of basal plane depended on the
history and electrochemical cycling of the surface.25,26 With
respect to graphene, its basal plane was reported to allow fast
heterogeneous electron transfer (HET).1 Nonetheless, the edge
plane of graphene showed much higher electron transfer rates,
and better capacitive and electrocatalytic performance than the
basal plane.24,28−30 Nanoscale reduced graphene oxide showed
high electron transfer rate because of the abundant defect and
edge site structure.31 Although these reports demonstrate the
significant effect of defects on the electrochemical performance
of graphene, the edge plane sites are difficult to be controlled
and quantified. Additionally, it is not sufficient to utilize only
the edge plane sites due to the low edge/basal plane ratio in the
two-dimensional structure of graphene. Therefore, it is critical
to maximize the carbon utilization in the basal plane of
graphene. Zero-dimensional point defects, especially vacancy
defects that could be readily introduced in the basal plane by
ion or electron irradiation, are promising because of the well-
defined structure and good controllability.15,32−37 That means
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point defects in the basal plane hold greater potential than edge
plane sites in fully exploiting the potential of graphene.
Unfortunately, the influence of point defects on the electro-
chemical properties of graphene, as well as the methodology for
the rational control of defect density to optimize its
performance, remain incompletely understood.
Most studies on the effect of defect or edge plane density of

graphite electrode were made by comparing different ensemble
electrodes or the same electrodes with different treat-
ments,17,18,23,24 which hampers a direct comparison, because
the chemical and physical properties of graphite and graphene
surface are sensitive to the fabrication method and pretreatment
procedures. In addition, to make it suitable for electrochemical
system, the single layer graphene has to go through more
complicated fabrication processes. As a result, different batches
of graphene samples may vary significantly in surface
properties, making it rather difficult to study the effect of
defect on the electrochemical activities.
Herein, we investigate the influence of defect density on the

electrochemical activity of single layer graphene by SECM and
Raman spectroscopy in combination with ab initio simulation.
To make reliable comparisons, we employ a lithography
approach to fabricate patterns with different defect densities on
the same single layer graphene sheet. The defects were
introduced by Ar+ irradiation, and the defect density was finely
tuned by the ion dose irradiated at different regions on
graphene. We adopted Raman spectroscopy to determine the
defect density,36−38 because it is a well-established technique
for probing various properties of graphene.39,40 The Raman-
forbidden D and D′ peaks in pristine graphene can be activated
by structural defects. A quantitative relationship between the
defect density and the intensity ratio of ID/IG has been reported
recently, which allows one to readily determine the defect
density by Raman spectroscopy.36 The SECM technique,
utilizing an ultramicroelectrode (UME), is able to measure
electron transfer kinetics and image local electrochemical
activities. The combination of SECM with Raman spectroscopy
allows us to investigate the correlation between defect density
and electrochemical activity of graphene in a well-controlled
way. The optimal electrochemical activity is achieved by
balancing the defect induced increase of density of states
(DOS) and decrease of conductivity. The improved electro-
chemical activity can be understood by a high DOS near the
Fermi level of graphene in the vicinity of a point defect, thus, a
larger overlap between the electronic states of graphene and the
redox couple, as revealed by ab initio simulation. The results
suggest that rational control of the defect density for tuning
electrochemical activity of graphene will lead to better
performance of graphene-based electrochemical devices.

2. EXPERIMENTAL SECTION
Graphene Sample and Defect Engineering. Single layer

graphene was prepared by chemical vapor deposition (CVD)41 and
transferred to a 300 nm SiO2/Si substrate using poly(methyl
methacrylate) (PMMA) as a transfer mediator.42 For fabricating
defective graphene patterns, a layer of 100 nm PMMA (950 K) was
spin-coated on the top of graphene, and standard electron beam
lithography (EBL) was employed to expose different electron dose in
different patterns (100 × 100 μm2 area, Figure 1). The exposure of
PMMA to an electron beam leads to the fracture and scission of the
polymer chains, which becomes more soluble in the chemical
developer. Therefore, a longer exposure time to electron beam
resulted in a thinner PMMA layer. Meanwhile, the thickness of the
PMMA in the untreated area remains unchanged. The graphene

sample was then treated with Ar+ plasma to introduce vacancy defects.
The plasma treatments were carried out at a pressure of 0.6 Torr of Ar
gas and a power of 6.8 W using inductively coupled plasma at radio
frequency of 13.56 MHz. The low power can avoid rapid damage of
the sample. The treatment duration was 5−10 min. The PMMA was
removed by acetone and chloroform. The samples were then annealed
at 250 °C under H2 atmosphere for 1 h to remove any possible
residuals remaining on the surface of graphene. Thus, a graphene
sample with well-defined defect patterns was prepared. A 300 nm gold
layer was deposited on both ends of the single layer graphene sheet to
contact with the external circuit. Finally, the graphene edges and the
electrical contacts were covered with epoxy, while the basal plane with
pristine graphene and defective graphene patterns was exposed for
further experiments.3

Raman, XPS, and AFM Characterization. All of the Raman
measurements were performed with 532 nm laser excitation. Raman
mapping was performed on Nanophoton (laser Raman microscope
RAMAN-11) in a fast line scanning mode with a 20× objective (NA =
0.45) and 600 lines/mm grating. To gain better spectral resolution,
single spot Raman spectra were measured on Xplora (Horiba Jobin
Yvon, France) with 1200 lines/mm grating. The laser power was kept
at 1 mW with typical acquisition time of 5 s. The laser spot size is
about 2 μm using a 50× objective (NA = 0.55). About 10 Raman
spectra were acquired for each defective pattern. The Raman spectra
were fitted by Gaussian−Lorentzian function to extract the relevant
parameters, including the frequency, bandwidth, and intensity of the
D, G, D′, and 2D bands of graphene. The intensity of peak height was
used to deduce the defect density.36−38 X-ray photoelectron
spectroscopy (XPS) measurements were carried out on an Omicron
Sphera II hemispherical electron energy analyzer (Monochromatic Al
Kα with 1486.6 eV operating at 15 kV and 300 W). The base pressure

Figure 1. (a) Fabrication of defective graphene patterns. (i) 100 nm-
thick PMMA was coated on single layer graphene as protection layer.
(ii) The PMMA protection layer was patterned with different
thickness by EBL. (iii) The whole sample was exposed to Ar+

irradiation to produce defective graphene patterns with various defect
densities. (iv) The PMMA protection layer was removed by acetone
and chloroform. Different colors represent different defect densities.
(v) The gold connector was deposited on both ends of graphene,
which was connected to external circuit by electrical wires. (vi) The
sample was sealed to leave the graphene basal plane with defective
patterns. (b) An optical image of a single layer graphene sheet on a
300 nm SiO2/Si substrate. Optical images of the defective graphene
patterns after Ar+ irradiation (c) and fabricated as an electrode (d). In
(d), the boundaries of the defective graphene patterns are marked by a
dashed rectangle. Scale bars in (b), (c), and (d) indicate 100 μm.
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of the systems was 5.0 × 10−9 mbar. Atomic force microscopy (AFM)
was performed on a NT-MDT system (NTEGRA Spectra) in tapping
mode. Typical images with 10 × 10 μm2 area were obtained at a scan
rate of 0.5 Hz using VIT_P tip.
SECM Characterization. All of the electrochemical measurements

were performed with a CHI 920c workstation (CH Instruments Inc.).
A 12.5-μm radius (r) Pt UME (RG = 2) and the above-mentioned
single layer graphene electrode were used as the SECM tip and
substrate, respectively. The tip was polished by using alumina (particle
size: 0.3 μm) slurry and sonicated in ultrapure water (Milli-Q) before
experiments. A Pt wire and an Ag/AgCl electrode were used as the
counter electrode (CE) and reference electrode (RE), respectively. All
of the potential referred to in this Article is relative to the Ag/AgCl
electrode. The tip−substrate distance was determined by the positive
approach curves obtained with an aqueous solution containing 1 mM
hydroxymethylferrocene (FcMeOH) and 0.1 M KCl. During the
positioning experiment, the tip potential was held at 0.4 V, while the
potential of the graphene substrate was held at 0 V to ensure the
purely diffusion-controlled condition. In the SECM imaging experi-
ment, the tip was biased at 0.4 V and the potential of the graphene
substrate was at open circuit potential (0.11 V). After each imaging
operation, approaching curve was recorded on each defective pattern
with a tip potential of 0.4 V and a substrate potential of 0.18 V (close
to the formal potential).
Finite Element Method (FEM) Modeling. The electrochemical

kinetics of the single layer graphene with different defect densities
were derived by solving the time-dependent mass transport equations
with a software package of COMSOL Multiphysics 4.3b (COMSOL
AB, Sweden). The details including the axisymmetric cylindrical
coordinates, geometry of the model, and the boundary conditions are
provided in the Supporting Information; see section S3, equations S3−
6, Figures S7−9, and Table S1.
Ab Initio Simulation. Both the pristine and the defective single

layer graphene were simulated by a slab model with a vacuum layer of
15 Å. Theoretical calculations based on density functional theory are

performed with the Perdew−Burke−Ernzerhof generalized-gradient
approximation (GGA-PBE)43 exchange-correlation functional, as
implemented in the Quantum ESPRESSO package.44 The projector
augmented wave (PAW) method45 was applied. The kinetic energy
cutoff for wave function was tested carefully and set to be 40 Ry. Spin-
polarization was examined for all structures and was not taken into
account in calculating the DOS when it was negligible. The lattice
constant of pristine graphene was set to be 2.46 Å. The Monkhorst−
Pack approach46 of k-point sampling is applied with grids of 9 × 9 × 1
and 7 × 7 × 1 for two-dimensional supercells of 3 × 3 and 5 × 5 in
sizes, respectively. In the DOS calculations, sufficiently dense k-point
sampling was applied to smooth the DOS curve. The convergence
threshold on forces for all geometric structure optimization was set to
be 1.0 × 10−3 au.

3. RESULTS AND DISCUSSION
Control of Different Defect Densities on the Same

Single Layer Graphene Sheet. HET processes are
fundamentally important for the surface and interfacial electron
transfer reactions on graphene. Here, we study the influence of
defect and defect density on the HET rate and optimized defect
density of graphene for the best electrochemical activity. To
this end, we introduced point vacancy defects controllably on
single layer graphene by Ar+ irradiation. Electron and ion
irradiation have been found to introduce defects on carbon
nanotube and graphene in an efficient and controllable
manner.32,33,35 Theoretical47 and experimental35,48 results
have demonstrated that Ar+ irradiation induces mono- and
divacancy defects on graphene by knock-on displacement of
carbon atoms. The defect density is tunable by the irradiation
time and ion dose.
Figure 1b shows an optical image of the pristine single layer

graphene on SiO2/Si substrate. A series of defect densities were

Figure 2. (a) Raman mapping of the D band of the defective graphene patterns. The optical picture of the sample is shown in Figure 1d. (b) SECM
images of the same defective graphene patterns with a tip potential of 0.4 V and a substrate potential of 0.11 V. The tip−substrate distance was kept
constant at 8 μm (d/a = 0.67). (c) The corresponding Raman spectra (vertically aligned) and (d) SECM approach curves obtained on each defective
graphene pattern, with a tip potential of 0.4 V and a substrate potential of 0.18 V.
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introduced on the same graphene sheet. This design allows one
to avoid the influence of different fabrication and pretreatment
procedure on the surface properties of graphene. It also allows
one to fast obtain systematic defect density correlated
electrochemical activity of graphene by simply imaging the
sample surface. For this purpose, a layer of 100 nm PMMA was
first coated on the top of graphene sheet as a protective layer
(Figure 1a,i). EBL was employed to adjust the PMMA
thickness on different patterns by tuning the illuminated
electron dose (Figure 1a,ii). Several sets of such patterns were
made to have a wide range of defect densities on the same
graphene sheet. The graphene sheet was then irradiated by Ar+

plasma, while the PMMA layer acts as the barrier of irradiation.
Only when the top PMMA was completely etched could the
underneath graphene be irradiated (Figure 1a,iii, c). Thereby,
the thickness of the PMMA above graphene determines the
effective ion dose and, consequently, the defect density on
different patterns. After removing PMMA by acetone and
chloroform (Figure 1a,iv), the sample was annealed under H2
atmosphere to remove any residuals. A 300 nm thick gold was
then deposited on both ends of graphene, which served as the
contacts to external circuit (Figure 1a,v). The gold and
graphene edges were then covered by epoxy (Figure 1a,vi).3

This fabrication method allows for tuning defect density in
the range from 1011 to 1014/cm2 on different patterns of the
same graphene sheet (the intrinsic atom density of pristine
graphene is about 3.82 × 1015/cm2). Therefore, our graphene
electrode is suited for studying the correlation between defect
density and electrochemical activity of graphene.
Quantification of the Defect Densities. Raman spec-

troscopy was applied to quantify the defect density of our
graphene sample, and the results are shown in Figure 2c, which
are in agreement with literature reports.39,40 The G band at
∼1580 cm−1 corresponds to the E2g phonon at the Brillouin
zone center. The D (∼1345 cm−1) and D′ (∼1620 cm−1) peaks
appear only in defective graphene, and are the characteristics of
defects.39,40 Other features in the Raman spectra are the
second-order 2D (∼2680 cm−1) and 2D′ (∼3247 cm−1) peaks,
and the combination mode of D and D′ (∼2940 cm−1).40 For
the pristine graphene, the 2D peak is symmetric and its
intensity is much stronger than that of the G peak, indicating
the graphene is single layer (spectrum A in Figure 2c). The
absence of the D peak confirms that the graphene is defect free.
Recently, extensive efforts have been made to study the

relationship between the amount and nature of defects and the
intensity of the D and D′ peaks.36−38,49,50 A quantitative
formula has been proposed to correlate the mean distance
between defects in graphene (LD, nm) with the intensity ratio
of ID/IG:

=
−
−

−π π− − −⎡⎣ ⎤⎦
I
I

C
r r

r r
( )

( 2 )
e er L r r LD

G
A

A
2

S
2

A
2

S
2

/ ( )/S
2

D
2

A
2

S
2

D
2

(1)

where rS (1 nm) and rA (3.1 nm) are the radii of the
“structurally disordered” area and the “activated” area around
the ion-induced defects, respectively.36 The factor CA is defined
by the electron−phonon matrix elements.36 We used CA = 4.2
at the green line excitation (see Supporting Information section
S1 and Figure S1 for details).36 The defect density nD (cm−2) is
then given by nD = 1014/πLD

2.37 Both LD and nD have been
used to quantify the defect density in graphene.
Figure 2a presents the Raman mapping of the D band,

showing the well-defined defective patterns (Figure 1c). We
named the different patterns from A to H for convenience of
discussion (Figure 2a), where region A is the pristine graphene.
The Raman mapping of the G and 2D bands also displays
similar patterns (Supporting Information Figure S2). The
pristine graphene is dark in Figure 2a due to the absence of the
D band. The intensity of the D band varies from pattern to
pattern, which indicates the varying defect densities. This is
further evidenced by the Raman spectra depicted in Figure 2c.
In the defective patterns, the D peak appears, with intensity
increasing from pattern B to E followed by an intensity
decreasing and spectral broadening from pattern F to H. This
two-stage spectral change is typically observed when increasing
the defect density in graphene.36−38 At low defect density, the
defects are separated and independent. The increasing
“activated” area would result in a stronger D band until the
intensity reaches a maximum (stage 1, Supporting Information
Figure S3). With further increasing the defect density, the
“activated” area starts to coalesce and the “structurally
disordered” area would be dominated in the graphene sheet,
which leads to the decrease of the D band intensity (stage 2,
Supporting Information Figure S3).36−38 Hence, a given value
of ID/IG may correspond to two possible LD values. The two
stages could be discriminated by the peak width of the D, G,
D′, and 2D bands.38 In stage 2, all of these peaks start to
broaden significantly (Supporting Information Figure S3b).
Therefore, we are able to deduce the defect density from ID/IG
by using eq 1, and the results are summarized in Table 1. The
Raman results indicate that we have succeeded in controlling
different defect densities on the same single layer graphene
sheet.

Determination of the HET Rates at Defective
Graphene Patterns. Feedback modes of SECM were
employed to study the electrochemical activity of defective
graphene, in which an oxidized species on the tip is reduced
(regenerated) by the graphene substrate (see Supporting
Information Figure S4 for the scheme of SECM). The feedback

Table 1. Summary of the Defect Density and the Corresponding Electron Transfer Kinetics of the Sample Shown in Figure 2

regions ID/IG
a LD (nm)a nD (cm−2)a k0 (cm/s)b

A (1.0 ± 0.2) × 10−2

B 0.15 ± 0.03 27.96 ± 3.60 (4.20 ± 1.02) × 1010 (1.5 ± 0.5) × 10−2

C 0.75 ± 0.13 11.78 ± 1.20 (2.35 ± 0.43) × 1011 (3.0 ± 0.5) × 10−2

D 2.95 ± 0.17 3.00 ± 0.71 (3.92 ± 1.23) × 1012 (5.0 ± 1.0) × 10−2

E 2.94 ± 0.16 2.70 ± 0.29 (4.48 ± 0.84) × 1012 (1.0 ± 0.2) × 10−1

F 2.65 ± 0.09 2.36 ± 0.08 (5.70 ± 0.38) × 1012 (1.5 ± 0.5) × 10−1

G 1.31 ± 0.07 1.54 ± 0.05 (1.34 ± 0.09) × 1013 (5.5 ± 0.5) × 10−3

H 1.22 ± 0.05 1.52 ± 0.04 (1.38 ± 0.08) × 1013 (5.5 ± 2.0) × 10−4

aErrors represent the standard deviation in deducing the defect density of graphene using 10 Raman spectra measured for each defective graphene
pattern. bErrors represent the uncertainty in fitting k0.
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current of the tip is dependent on the HET capability of the
local area on graphene. The FcMeOH was used as the redox
couple because the outer-sphere reaction involves no specific
surface interaction between FcMeOH and graphene (and
defects). A typical cyclic voltammogram (CV) of a pristine
graphene electrode in the FcMeOH solution is shown in
Supporting Information Figure S5. The CV indicates quasi-
reversible electrochemical kinetics of FcMeOH on our CVD
graphene, in accordance with the literature1 and our previous
study.3 A Pt UME (radius of 12.5 μm) with RG = 2 (see
Supporting Information section S2 for details) was adopted as
the SECM tip. The potential of the Pt tip was held at ET = 0.4
V to ensure the oxidation of FcMeOH under a diffusion-limited
condition. The potential of the graphene substrate (EG) was at
0.11 V to reduce the FcMeOH+ species generated at the tip.
Figure 2b presents the SECM image of the graphene sample

shown in Figures 1d and 2a. It is observed clearly that the
normalized feedback currents above the defective patterns are
different from each other and also that above pristine graphene,
indicating that the electrochemical activities of graphene
depend on the defect density. The higher is the feedback
current, the faster is the local HET rate. Figure 2b shows that
with increasing defect density, the tip current first increases
(from pattern B to F) and then decreases (pattern G to H) to
even below that of the pristine graphene. The two-stage SECM
images are in accordance with the Raman D-band mapping
results, suggesting the defect density-dependent electro-
chemical activity of single layer graphene. Additional Raman
and SECM results on other sets of defective graphene patterns
are provided in Supporting Information Figure S6, which also
show a good correlation between them.
To quantify the HET rate, the approaching curves were

measured above the defective graphene patterns with different

defect densities. The potentials of the Pt tip and the graphene
substrate were kept at 0.4 and 0.18 V, respectively. As shown in
Figure 2d, when L = d/a ≤ 1, the normalized feedback current
increases gradually with increasing defect density (pattern B to
F), and then decreases in the higher defect density regions
(pattern G to H). The results are in harmonious accordance
with the SECM images. FEM modeling was used to simulate
the tip current response as a function of the standard HET rate
constant, k0, through COMSOL Multiphysics 4.3b (details are
provided in Supporting Information section S3, Figures S7 and
S8, and Table S1). The transfer coefficient (α) is assumed to be
0.5 in the kinetic studies with the Butler−Volmer model
(Supporting Information eqs S3 and S4) on graphene substrate.
The k0 obtained using α = 0.5 is in good agreement with
literature (discussed later), indicating the assumption is
reasonable. It should be noted that an anomalous α value on
graphene electrode has been reported, the reason for which
remains an open question.5 The simulated feedback curves with
different values of k0 can be seen in Supporting Information
Figure S9. By fitting the current feedback curves, k0 was
obtained for each defective graphene pattern. The pristine
graphene is found to have a k0 of (1.0 ± 0.2) × 10−2 cm/s
(region A in Figure 2a). This value is a little lower than
reported values from 2 × 10−2 to 4.2 × 10−2 cm/s for pristine
CVD graphene in aqueous solution.1,5 The difference can be
attributed to the variation in the intrinsic quality of the sample.
As can be observed in the AFM images (Supporting
Information Figure S10), the morphology of the pristine
graphene used in this work is uniform and smooth. In the work
of ref 1, some disordered structures such as wrinkles and
particulates could be observed, which likely account for higher
electron transfer kinetics, as demonstrated in this study.
Exposing the graphene and PMMA to electron beam or Ar+

Figure 3. Defect density correlated HET rate of graphene. The microscopic model in different defect density ranges: (a) low defect density with LD
> 6 nm; (b) moderate defect density with 2 nm ≤ LD ≤ 6 nm; (c) high defect density with LD < 2 nm. The area in red is the structurally disordered
area with a radius of 1 nm; the area in yellow is the electronically activated but structurally preserved area (1 nm < r < 3 nm). The standard HET rate
constant k0 as a function of defect density nD (cm−2) (d) and the mean distance between defects LD (nm) (e). The dashed lines in (d) and (e) are a
guide for the eye only. The vertical error bar in (d) and (e) represents the uncertainty in fitting k0. The horizontal error bar is the standard deviation
in deducing the defect density nD or the mean distance between defects from 10 Raman spectra measured for each defective pattern.
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irradiation is not likely to produce adsorbed electrochemically
active species.5,51 Furthermore, the samples have been annealed
in the hydrogen atmosphere and are free of residuals and
impurities, as evidenced by the Raman, AFM, and XPS results
(discussed later).
Defect Density Correlated HET Rate of Single Layer

Graphene and Theoretical Considerations. Figure 3d and
e shows k0 as a function of defect density (nD) and LD,
respectively. The data points in red are from the measurement
on the same single layer graphene sheet with three sets of
patterns, as shown in Figure 2, Supporting Information Figure
S6a and S6b. The detailed kinetic results are summarized in
Table 1. A three-stage behavior can be observed from Figure 3d
and e. First, the k0 is slightly increased from (1.0 ± 0.2) × 10−2

cm/s (pristine graphene) to (4.0 ± 0.5) × 10−2 cm/s at a defect
density of about 3.30 × 1011/cm2 (Figure 3d), corresponding to
a LD of about 10 nm (Figure 3e). The HET rate (kET) between
graphene and FcMeOH can be described by the Gerischer−
Marcus model in eqs 2 and 3.52,53

∫ν ε λ=k E f E DOS E W E E( ) ( ) ( ) ( , ) dET n red G O (2)

λ λ
λ

=
πλ

− − +⎛
⎝⎜

⎞
⎠⎟W E

kT
E E

kT
( , )

1
4

exp
( ( ))

4O

0 2

(3)

where νn is the nuclear frequency factor, εred(E) is the
proportionality function, f(E) is the Fermi function, DOSG is

the DOS of graphene, WO(λ,E) is the probability density
function of the oxidized (unoccupied) states of FcMeOH in
solution, and λ is the reorganization energy of FcMeOH. The
electron transfer kinetics is determined by the integration of the
number of electronic states of graphene and the number of
oxidized states of FcMeOH near the Fermi level (for a
reduction reaction).23,54,55

The improved HET rate can be understood by the increase
of DOS near the Dirac point in defective graphene.35 Figure 4a
and b shows the DOS of the pristine and defective graphene.
Figure 4c presents the density distribution of the electronic
states of FcMeOH, where the light red peak represents the
oxidized state and the light blue peak represents the reduced
(occupied) state (WR(λ,E)). The energy level in Figure 4 is
aligned with respect to the Dirac point (Fermi level of undoped
pristine graphene, the horizontal dashed line in Figure 4a and b,
see Supporting Information section S4). FcMeOH is a quasi-
reversible redox with fast HET rate. When a relatively large
overpotential is applied on the substrate, the approach curves
for different k0 are close to those obtained under the diffusion-
limited condition. Thus, the substrate kinetics cannot be
distinguished apparently. Nevertheless, the approach curves
obtained under a weak polarization condition have significant
differences for and better discrimination of different substrate
kinetics (k0).53 Therefore, the electrode potential applied is
slightly more negative (i.e., higher energy, indicated by the
orange dashed line in Figure 4b) than the standard redox
potential (E0) of FcMeOH, to provide a weak polarization

Figure 4. (a) Simulated DOS of the pristine graphene and graphene with different point vacancy defects (all in a 5 × 5 supercell to keep the same
defect density), including reconstructed monovacancy V1(5-9), reconstructed divacancy V2(5-8-5), monovacancy incorporated with hydrogen V1(5-
9-H), and hydroxyl V1(5-9-OH) groups. (b) Simulated DOS of graphene with different defect densities, from one V1(5-9-OH) defect in a 5 × 5
supercell (50 carbon atoms) to a 3 × 3 supercell (18 carbon atoms). The latter case has a higher defect density and a higher DOS peak (dashed
green line). (c) The density distribution of the reduced (WR(λ,E)) and oxidized (WO(λ,E)) states of FcMeOH. (d) Supercell structure of the four
types of vacancy defects for simulation. Gray, carbon; red, oxygen; cyan, hydrogen.
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condition. The DOS of the pristine graphene (solid blue lines
in Figure 4a and b) is insufficient near this energy, which
hampers its electrochemical activity.
With the introduction of point vacancy defects, the defect

induced midgap states with high DOS are observed near the
Dirac point (Figure 4a and b).35 The four possible types of
vacancy defects simulated (Supporting Information section S5)
all show the midgap states (Figure 4a). Their supercell
structures are shown in Figure 4d. In comparison with pristine
graphene, the defective graphene provides higher DOS that
enlarge the overlap between the electronic states of graphene
and FcMeOH, which facilitates HET from graphene to
FcMeOH (reduction).
The midgap states induced by the point defect are spatially

localized around the defects.35 Two length scales should be
considered. The first one is the radius of the structurally
disordered area, caused directly by the ion irradiation, which
was observed to be about 1 nm (shown as the red colored area
in Figure 3a−c).36 The second one is the distance in which the
DOS decays to zero, which is about 3 nm.35,56 The graphene
area within the radius of 3 nm is thus more active because of
the higher DOS than pristine graphene. Hence, the graphene in
the outer area (1 nm < r < 3 nm) is electronically activated but
remains pristine structure of graphene (shown as yellow
colored area in Figure 3a−c). In the case of low defect density,
the defects are independent and far from each other. Therefore,
the graphene is partially activated, while the remaining area
remains pristine (not activated), as seen in Figure 3a. With the
defect density increasing, the activated area of defects starts to
coalesce and the graphene becomes fully activated when LD
reaches 6 nm (Figure 3b). Indeed, a significant enhancement of
k0 from (1.0 ± 0.2) × 10−1 to (5.0 ± 1.0) × 10−1 cm/s is
observed in a relatively high defect density, ranging from (8.89
± 0.87) × 1011 to (7.39 ± 0.58) × 1012/cm2, corresponding to
LD from 6.00 ± 0.29 to 2.10 ± 0.10 nm, respectively.
A correlation between the HET rate and the local DOS has

been observed previously on a diamond electrode.57 As seen in
Figure 4b, increasing the defect density can lead to a higher
DOS (from solid to dashed green line) that will lead to a faster
kinetics. In this moderate defect density range, single layer
graphene becomes much more activated and leads to higher k0

as observed.
The above results suggest that a certain defect density is

necessary for better electrochemical performance, especially for
electrocatalytic reactions where defects act generally as active
sites for adsorption and reactions.7 However, the electron
transport capability (conductivity) within the bulk single layer
graphene sheet should be considered, which is vital to ensure a
fast HET rate. The carrier mobility of pristine graphene is
extremely high even under ambient conditions.58 However,
defects can scatter carriers that results in reduction of the
conductivity.59−61 For instance, the resistance of single-wall
carbon nanotube increases by 3 orders of magnitude with only
0.03% level of divacancies.32 Good conductivity is essential
especially when graphene is to be functionalized in electro-
chemical or electronic devices. As seen in Figure 3d and e, the
k0 decreases dramatically from (5.0 ± 1.0) × 10−1 to (4.0 ±
0.5) × 10−2 cm/s at a defect density of (8.34 ± 0.64) × 1012/
cm2 (LD = 1.96 ± 0.08 nm). In a microscopic view, LD less than
2 nm means that the structurally disordered area starts to
coalesce. Consequently, electrons will be highly scattered and
the conductivity drops remarkably due to the loss of the perfect
sp2 lattice, which supports the electron transport in the basal

plane. Note that k0 = 4.0 × 10−2 cm/s is still higher than that of
the pristine graphene, indicating that graphene is still activated.
However, the decrease in conductivity starts to dominate the
overall performance. This effect would account for the decrease
of k0 in the high defect density range.
Further increasing the defect density to higher than (1.02 ±

0.06) × 1013/cm2 results in k0 < (2.0 ± 0.5) × 10−3 cm/s. In
fact, the approaching curve shows an insulating behavior
(Figure 2d, curve H). Note that the highest defect density in
this study is still lower than that of the fully disordered
graphene, which has a defect density of 1015/cm2 (i.e., one
defect per four carbon atoms).62 Thus, by balancing the
amount of defect sites with good conductivity, the optimal
electrochemical activity of single layer graphene should be
figured out. It is impressive that k0 = (5.0 ± 1.0) × 10−1 cm/s,
50-fold faster than that of the pristine graphene, is observed at
the defect density of (7.39 ± 0.58) × 1012/cm2 (LD = 2.10 ±
0.10 nm). A LD of 2.10 nm corresponds to a defect density
when all of the carbon atoms in graphene are activated, but the
single layer graphene sheet still maintains its sp2 network. This
is a critical state before the graphene becomes structurally
destroyed. Figure 3d and e also includes the results obtained
from another single layer graphene sheet (the data points in
green), the Raman and SECM results of which are shown in
Supporting Information Figure S6c and S6d. These data follow
the same trend of defect density dependence. The above results
suggest a clear correlation between defect density and
electrochemical activity of single layer graphene. A precise
control of the defect density is essential to optimize the
electrochemical performance. Although the remarkable electro-
chemical properties of the defects or edge plane sites have long
been recognized for graphite and recently for graphene
electrodes, our findings show an exciting approach to make
use of point defects in tailoring the electrochemical properties
of single layer graphene.
Additionally, the defects are quite stable. Supporting

Information Figure S11 shows the Raman spectra before and
after the electrochemical measurements (and stored under the
ambient condition for 6 months). The relative intensity and the
bandwidth of all of the Raman bands remain unchanged,
suggesting excellent structural stability of the defects. XPS
results indicate that the vacancy defects are incorporated with
the −OH groups (Supporting Information Figure S12), which
were found to be thermodynamically stable and survived even
after being annealed at 1000 °C.63,64 Note that the outer-sphere
electrochemical processes of FcMeOH are not sensitive to the
surface oxygen groups. Therefore, the −OH groups may help
to stabilize the defects by bonding to the under-coordinated
carbon atoms (see Supporting Information section S6 for
further discussion).
As noted above, Raman spectroscopy is very sensitive to the

electronic structure of graphene. Furthermore, there is a good
correlation between the Raman mapping and SECM imaging
results. Thus, it is reasonable that the electrochemical activity of
single layer graphene may be predicted simply by Raman
spectroscopy. Upon closer examination of the Raman spectra of
graphene (Figure 2 and Supporting Information Figure S6), it
is instructive to reveal that different Raman features correspond
to different electrochemical activity stages. For graphene with
high activity, the D band is much stronger than the G band, and
the D′ and 2D peaks can still be resolved (Figure 2c, spectra E
and F, see also Supporting Information Figure S6). These
features indicate not only the high defect density, but also the
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integrity of the sp2 graphene sheet. When the activity of
graphene decreases, the G and D′ peaks are totally merged, the
2D peak becomes invisible, and all of the Raman peaks become
broad (Figure 2c, spectra G and H; see also Supporting
Information Figure S6). These features may indicate that the
graphene is damaged in a structure of highly disordered sp2

network, which results in a decreased conductivity. Therefore,
Raman (mapping) spectroscopy may serve as a fast and
nondestructive method to screen the electrochemical activity of
single layer graphene. Further study is needed to address this
issue.

4. CONCLUSION
In summary, we have demonstrated that the electrochemical
activity of single layer graphene depends strongly on its defect
density. In the low defect density range, the graphene is
partially activated and the HET rate is slightly enhanced. At
very high defect density range, the scattering of the electrons
leads to the reduction of the conductivity, thus resulting in
lower (but still enhanced) HET rate. A moderate defect density
range is necessary for optimal electrochemical activity. By
balancing the defect induced increase of DOS and decrease of
conductivity of single layer graphene, the optimal HET rate
constant of k0 = (5.0 ± 1.0) × 10−1 cm/s is achieved at a defect
density of (7.39 ± 0.58) × 1012/cm2, corresponding to a mean
distance between defects (LD) of 2.10 ± 0.10 nm. That is about
50-fold faster than that of the pristine graphene (k0 = (1.0 ±
0.2) × 10−2 cm/s). This defect density is a critical value, at
which the whole single layer graphene sheet becomes
electronically activated while maintaining the sp2 network.
The quantitative correlation between defect density and
electrochemical activity provides new insights into the
optimization of graphene-based electrochemical devices from
electrocatalysis to energy conversion and storage. The
introduction of point defects in the basal plane of single layer
graphene also allows the full activation of carbon atoms in
graphene. The patterned graphene with various defect densities
may be useful to spatially control chemical reactions.
Furthermore, we provide a method to tailor single layer
graphene and other ultrathin two-dimensional materials
through defect density engineering.
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