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Abstract: In research on enzyme-based biofuel cells, covalent or noncovalent molecular
modifications of carbon-based electrode materials are generally used as a method for immobilizing
enzymes and/or mediators. However, the influence of these molecular modifications on the
electrochemical properties of electrode materials has not been clarified. In this study, we present
the electrochemical properties of chemical vapor deposition (CVD)-grown monolayer graphene
electrodes before and after molecular modification. The electrochemical properties of graphene
electrodes were evaluated by cyclic voltammetry and electrochemical impedance measurements. A
covalently modified graphene electrode showed an approximately 25-fold higher charge transfer
resistance than before modification. In comparison, the electrochemical properties of a
noncovalently modified graphene electrode were not degraded by the modification.
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1. Introduction

Enzyme-based biofuel cells (EBFCs) are fuel cells using an oxidoreductase as a catalyst and
generate electricity by utilizing the oxidation of sugars or alcohols and the reduction of oxidant [1].
Compared to traditional fuel cells, EBFCs work under mild conditions (e.g., room temperature and
neutral pH) and therefore they are attracting as portable power sources and implantable medical
devices. However, their low power density and short lifetimes have limited the practical use of
EBFCs. These issues involve the enzyme stability, the electron transfer rate, and the enzyme
loadings. Therefore, effective immobilization of enzymes onto the electrode is necessary to develop
the successful EBFCs, as immobilization provides a favorable environment for maintaining enzyme
activity and allowing facile electron transfer [2,3]. The enzyme reaction systems can be categorized
into two types: direct electron transfer (DET) and mediated electron transfer (MET). In the case of
DET, the rate of interfacial electron transfer between the enzymes and electrode is a key parameter.
Therefore for the DET type systems, a short distance between the redox center of the enzyme and the
electrode is required to facilitate the electron transfer [4]. However, for most of the enzymes whose
active site is surrounded by a thick protein shell, direct electron transfer is difficult. In contrast, MET
systems can be adopted for most enzymes. Although MET-type reaction systems become more
complex due to use of mediators, they can enhance the power density and efficiency of biofuel cell
performance by accelerating the electron transfer between the active site of enzyme biocatalysts and
an electrode via mediators [4,5]. An important issue when developing MET systems is appropriately
attaching the mediators as well as the enzymes onto the electrode to achieve an efficient electron
transfer with the enzymes and the electrode [6,7]. In most of studies on EBFC, carbon-based
materials have been utilized as electrodes and covalent or noncovalent methods are employed for
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attaching enzymes and mediators onto the electrodes [3,7]. The covalent modification can be firmly
fixed on the electrode by mainly using chemical [7] or electrochemical [3] methods. The noncovalent
modification can be easily performed by using aromatic groups such as pyrene [8]. Thus, in
developing EBFCs, the electrode/biomolecule interface must be engineered for efficient electron
transfer. On the other hand, carbon-based nanomaterials such as graphene flakes [9,10] and carbon
nanotubes (CNTs) [11,12] are widely utilized to increase the enzyme loadings, attributed to their
high specific surface areas. However, in the electrodes comprising of these flaky materials, it might
be difficult to evaluate the efficiency of electron transfer at the electrode/biomolecule interface due to
inhomogeneous and not flat surface structures. Furthermore, the influences of the molecular
modification on their electrochemical properties should be considered because the physical property
of these nanomaterial are sensitive to changes in the structures and even in the surrounding
environment [13,14].

Here, we focus on CVD-grown graphene with a uniform surface structure [15]. The
two-dimensional carbon structure of graphene has attracted considerable attention due to its unique
sheet structure, high conductivity, and extremely high specific surface area [16-18]. These functional
properties can be used to facilitate direct electrical contact between the redox site of enzymes and the
electrode surface and to anchor the enzymes to the electrode surface. Furthermore, the high
uniformity and controllability of the CVD-grown graphene also facilitate the evaluation of
biomolecule-modified electrodes although the surface area is as low as the geometric projected area.
In this study, we performed covalent and noncovalent molecular modifications on monolayer
CVD-grown graphene and investigate the influence of the molecular modification on the
electrochemical properties.

2. Materials and Methods

2.1. Reagents and Materials

All chemicals were used without further purification. Ethanol (299.5%), acetone (299.5%), ethyl
lactate (295.0%), methanol (299.8%), perchloric acid (60%), disodium hydrogenphosphate (>99.0%)
and sodium dihydrogenphosphate (299.0%) were obtained from Wako Pure Chemical Industries,
Ltd. Poly-methyl methacrylate (PMMA) and hexa-ammine-ruthenium (III) chloride (>98%) were
purchased from Sigma-Aldrich. Iron (III) nitrate enneahydrate (299.0%) and potassium chloride
(299.5%) were obtained from Nacalai Tesque, Inc. D(+)-Glucose (298.0%) was purchased from
Hayashi Pure Chemical Ind., Ltd. 1,1-ferrocenedicarboxylic acid (FcDA) (298.0%) was obtained from
the Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Glucose oxidase (GOx) was obtained from
TOYOBO Co., Ltd (Osaka, Japan). 4-Nitrobenzenediazonium tetrafluoroborate (4-NBD) (299.5%)
was obtained from the Junsei Chemical Co., Ltd (Tokyo, Japan). 1-Pyrenebutanoic acid, succinimidyl
ester (PBSE) (295.0%) was purchased from AnaSpec, Inc (Fremont, CA, USA). All of the solutions
were prepared in deionized (DI) water (Millipore Milli-Q system, resistivity >18 MQ cm). 0.2 M
phosphate buffer solutions (PBS), consisting of 0.1 M Na:HPOs and 0.1 M NaH:POs, or 0.1 M
potassium chloride solutions were employed as a supporting electrolyte.

2.2. Fabrication of Graphene Electrode

Figure 1 shows the fabrication process of graphene electrodes. A graphene film was grown by
low-pressure CVD on a 30-um-thick polycrystalline copper foil (60 x 30 mm?) in a conventional
quartz tube furnace by using CHs and H: gases. Prior to CVD growth, the copper foil was cleaned
with ultrasonic waves by using DI water, ethanol, and acetone. Before the growth of graphene, the
copper foil was heated under H: flow (20 sccm) with a pressure of 650 Pa at 1000 °C for 30 min in
order to remove the surface natural oxide layer. The growth was carried out for 30 min under CHa (2
scem) and Hz (20 scem) flow at 1000 °C with a total pressure of 680 Pa. After the CVD growth, the
graphene-deposited copper foil was divided by cutting into eight samples (15 x 15 mm?). The
graphene films on the copper foils were then transferred onto chemically inert SiO2/Si substrates,
with 300-nm-thick SiO2 layers on the top, via the PMMA assisted transfer method as follows [19].
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The PMMA was dissolved in ethyl lactate at a concentration of 4 wt%. The PMMA layers were
coated on graphene/copper foils at 2000 rpm for 1 min and cured at 180 °C for 1 min. A graphene
layer that grew on the backside of the copper foil was eliminated by oxygen plasma treatment at 20
W for 30 s using a compact etcher, the FA-1 (SAMCO Inc.). The samples were immersed in a 0.5 M
Fe(NOs)s solution for 5 h to eth the copper foils away. After the etching, the PMMA/graphene layers
were rinsed three times with floating on DI water for 1 h and transferred onto SiO2/Si substrates.
After drying the samples, a second PMMA coating step was performed, and the samples were left at
room temperature for 30 min [20]. After that, the PMMA layers were removed by immersing the
samples in acetone for a night. Finally, nickel (10 nm) and gold (50 nm) layers were successively
evaporated at the side position of the transferred graphene film as the electrical contact for the
electrochemical measurements. Our typical CVD-grown graphene prepared in this process has a
sheet resistance in the ranges of 700-1200 €3/sq [21].

Cu foil Graphene
Cleaning Graphene growth Spin-coating of PMMA Cu etching

Si02/Si

Deposition of Au/Ni Removing PMMA Spin-coating of PMMA Transfer onto SiO2/Si

Figure 1. The fabrication process of the graphene electrodes.

2.3. Characterizaiton of Graphene Electrode

Raman measurements were performed by wusing an inVia Reflex (Renishaw,
Wootton-under-Edge, UK). Electrochemical measurements were performed with a three electrode
system, including a graphene film on a SiO:/Si substrate as a working electrode (WE), a platinum
wire spiral as a counter electrode (CE), and Ag/AgCl as a reference electrode (RE) by using the
polytetrafluoroethylene housing unit cell with a fluorine rubber O-ring defining the measurement
area (0.13 cm?), as shown in Figure 2. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were performed by using an Autolab PGSTAT204
potentiostat/galvanostat system equipped with an impedance analyzer FRA32M (Metrohm,
Utrecht, The Netherlands). A series of electrochemical measurements was performed without
dismounting the graphene electrode from the electrochemical cell because the graphene film may be
damaged when detaching the O-ring. We used single sample for each of a series of measurements
and in other words, three graphene electrodes were used for the whole experiment in this paper. On
the other hand, we conducted similar experiment using other graphene electrodes to verify the
findings.

Pt Ag/AGCI
(CE) & (RE)
Electrolyte '-‘_.‘-'_:'_’. M O-ring
o | / /Auml
(WE) 2
Si |

Figure 2. Electrochemical cell set-up used for all electrochemical measurements.
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2.4. Surface Modification of Gaphene Eectrode

Covalent and noncovalent modifications were performed using a couple of films of monolayer
CVD-grown graphene prepared in the same CVD batch. The EIS and CV measurements were
carried out before and after modifications. Their schemes are shown in Figure 3. The covalent
modification of the graphene surface was performed by grafting of nitrophenyl groups with
electrochemical reduction of diazonium salt. Potential cycling was performed in a 0.1 M HCIO4
solution containing 1 mM 4-NBD between 0.6 V and 0.4 V by using the graphene electrode with a
scan rate of 50 mV/s [22]. The electrochemical modification was performed by using the
electrochemical cell shown in Figure 2. A series of electrochemical measurements and modification
was performed without dismounting the graphene electrode from the electrochemical cell.

PBSE was used for the noncovalent modification on the graphene surface. PBSE is a typical
linker molecule for immobilizing biomolecules onto carbon-based materials as its pyrenyl group
interacts with six-membered ring structures of graphene sheets by m—mt stacking [23,24]. The
noncovalent modification on the graphene surface was also conducted by using the electrochemical
cell. After the initial EIS and CV measurements, the graphene electrode mounted electrochemical
cell was filled with a methanol solution containing 1 mM PBSE and left for the adsorption for 3 hours
at room temperature. Thereafter, the graphene surface was washed with methanol and DI water,
and then characterized by EIS and CV measurements again.

Covalent modification

3 3 :

e N pxSRaES
CV and EIS Electrochemical reduction CV and EIS
at unmodified graphene of 4-NBD in 0.1 M HCIO4 at modified graphene

Noncovalent modification

¢, N ¢,
- ‘ == - LII = - ‘ s
CV and EIS Adsorption of PBSE CV and EIS
at unmodified graphene by - stacking at modified graphene

Figure 3. The measurement and modification schemes for evaluating influences of the covalent and
noncovalent modifications on electrochemical properties of the graphene electrodes. The graphene
electrodes were not dismounted form the cells in the whole process.

3. Results and Discussion

3.1. Characterizaiton of Graphene Electrode

Figure 4a shows a macroscopic image of transferred graphene film (15 x 15 mm?) on a SiO/Si
substrate. Monolayer graphene films on 5iO2/Si substrates become visible owing to light interference
in 300-nm-thick SiO: layers [25]. This confirmed that the transferred CVD-grown graphene films
were macroscopically uniform. Figure 4(b) shows an optical micrograph of the transferred graphene
film. Although it shows a slight amount of PMMA residues, uniform surface with no structural tears
were observed. Figure 4c shows the typical Raman spectrum of the graphene films on the SiO:/Si
substrate. The 2D (2678 cm™) and G (1587 cm™) peaks, which are characteristic features of graphene
[26], were clearly observed in the spectrum. The full width at half maximum (FWHM) of the 2D peak
was 38 cm™, and the intensity ratio Ioo/Ic was 2.32. The 2D peak can be fitted by a single Lorentzian,
which is the characteristic feature of monolayer graphene. Although a slight D peak at ~1350 cm™,
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which represents disordered carbon, was observed, the spectrum indicates that the crystalline
quality of the graphene film is still high.

2D

Intensity (arb.unit)

D

1200 1500 1800 2100 2400 2700 3000
Raman shift (em™")

(b) (o)

Figure 4. Characterization of the chemical vapor deposition (CVD)-grown graphene film on SiO2/Si

substrate. (a) Optical image after deposition of the Au /Ni (50 nm/10 nm). (b) Optical micrograph.
Arrows indicate poly-methyl methacrylate (PMMA) residues. (c) Raman spectrum.

3.2. Electrochemical Behavior of Monolayer Gaphene Eectrode

First, we performed an enzyme electrode reaction via a mediator at an individual monolayer
graphene electrode on an insulating substrate so as to confirm whether this one-atom-thick material
graphene could be used as a platform for investigating the electrochemical properties of a
biomolecule/electrode interface. Figure 5a shows cyclic voltammograms (CVs) of a monolayer
graphene electrode in a 0.2 M PBS containing 10 mM FcDA as a redox-probe. It exhibited a pair of
stable and well-defined anodic and cathodic peaks at 0.43 V and 0.09 V (vs. Ag/AgCl). These redox
peak potentials agreed with the reported potentials of the oxidation and reduction of the ferrocene
derivative on the carbon electrode [27]. The biocatalytic activation of the GOx utilizing FcDA as a
mediator was electrochemically characterized by analyzing the reaction of the glucose oxidation.
Figure 5(b) presents CVs of the monolayer graphene electrode in 0.2 M PBS containing 10 mM FcDA,
10 uM GOx, and 0-100 mM glucose. A notable increase in the biocatalytic current was observed at E
> 0.2V, which corresponds to the oxidation potential of FcDA. The oxidation current increased as the
glucose concentration was elevated. Figure 5c shows plots of the biocatalytic current of the CV at a
potential of 0.7 V versus glucose concentration. The biocatalytic current exhibited a plateau of 83
pHA/cm? at concentrations higher than 50 mM. This behavior represents Michaelis-Menten kinetics
given below:

IO — Imax X [S]

_KQ+B] )

where Io, Imx, [S], and K'm represent the current response, maximum current density, glucose
concentration, and apparent Michaelis constant of a monolayer graphene electrode, respectively. I
and K'm were determined to be 83.2 pA/cm? and 35.8 mM, respectively. These results indicate that
GOx near the surface of the graphene maintained catalytic enzyme activity and also that electron
transfer between the GOx and graphene was mediated by FcDA. Thus, the enzyme electrode
reaction could be observed even with monolayer graphene having a thickness of only one atomic
layer.
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Figure 5. Cyclic voltammogramss recorded at the chemical vapor deposition (CVD)-grown graphene
on Si02/Si substrate for 10 mM 1,1-ferrocenedicarboxylic acid in (a) the absence and (b) presence of
glucose and 5-100 mM glucose and 10 uM GOx in 0.2 M phosphate buffer solution at scan rate of 50
mV/s and (c) plots of its catalytic current at E=0.7 V vs. glucose concentration.

3.3. Characterization of Modified Graphene Electrodes

The monolayer graphene electrode surfaces were modified by using two molecular
modification methods, the noncovalent and covalent modifications, and then characterized by
Raman spectroscopy, electrochemical impedance measurements, and cyclic voltammetry. Figure 6a
shows the CVs done using an aqueous solution containing 1 mM 4-NBD and 0.1 M HCIOx for the
covalent modification of the graphene electrode. The first cycle showed a broad irreversible peak
around —30 mV vs. Ag/AgCl, which was assigned to the reduction of the 4-NBD cations to form the
corresponding aryl radicals. The second cycle was featureless, which suggests that the surface was
blocked by the products that formed during the first cycle [22]. Figure 6b shows the reported
mechanism of covalent modification to the graphene surface caused by the CVs [28]. Covalent
modification of graphene from radicals produced from diazonium reagents is the most common
method of covalent modification. The mechanism involves the transfer of a delocalized electron
from the carbon surface to a diazonium cation and results in the release of a N2 molecule and the
formation of a radical species. Subsequently, the radical species attacks a sp? hybridized carbon
lattice atom on the surface forming a covalent bond and converting it into sp® hybridized carbon
[28,29]. For the noncovalent modification, m—m stacking between six-membered ring of graphene

sheets and pyrenyl groups of PBSE was utilized.
10 T T T

1 mM 4-NBD Ccv 4-nitrophenyl radical

(-0.4~0.6V)
O,N N, > o«,N—O-
< §7?§ >in 0.1 M HCIO, ;\\_g §§ >

— 1st cycle NO
4 N02 | 2

-==2nd cycle

Current density (uA/cm?)
r
o

06 04 -02 0 02 04 06 08 ¥§ § g g <
Potential vs. Ag/AgCl (V) A

(a) (b)

Figure 6. (a) CVs during covalent modification of CVD-grown graphene using 1 mM
4-Nitrobenzenediazonium tetrafluoroborate in 0.1 M HCIOs at scan rate of 50 mV/s. (b) The
schematic diagram of electrochemical covalent modification to the graphene surface.

Figure 7 shows Raman spectra of the unmodified, covalently modified and noncovalently
modified graphene films on the SiO/Si substrates. For the unmodified graphene, the 2D (2681 cm™)
and G (1590 cm™) peaks, both characteristic features of graphene [25,26,30], were clearly observed in
the spectrum, similar to the spectrum shown in Figure 4c. For the noncovalent modified graphene,
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the 2D (2688 cm™) peak shows slight upshift compared to the unmodified graphene, while the G
peak (1590 cm™) is shown at similar wavenumber. In addition, the appearance of a D" peak (1622
cm!) was observed, which is mainly caused by defects generated via an intravallery
double-resonance process [31], and it was also observed in the Raman spectra of other
PBSE-modified graphene [32]. Thus, the change of the Raman spectrum suggests the attachment of
the pyrenyl groups onto the graphene surface. The covalent modified graphene electrode was also
confirmed to be modified with the nitrophenyl groups due to emergence of the D’ peak (1620 cm™)
in the Raman spectrum. The covalently modified graphene also show slight upshift of the 2D peak
(2686 cm™) and no shift of the G peak (1590 cm™). However, the appearance of a strong D (1346 cm™)
peak due to defects in the graphene was observed in the covalently modified graphene. The
activation of this strong D peak is attributed to breaking of the C-C sp? bonds after the grafting of
nitrophenyl groups on the graphene surface [33]. Here, the intensity ratio Izo/Ic for the unmodified,
noncovalently modified and covalently modified graphene were 1.78, 1.21 and 1.12, respectively.
The decrease in Io/lc and the upshift in 2D peak that were observed after both modifications
indicate the p-doping effect on graphene. These observations of 2D peak shift are in agreement with
previous experimental results on PBSE-modified [32] and nitrophenyl-modified graphene [13].
Thus, these Raman spectra confirmed that the noncovalently and covalently modified graphene
electrodes were prepared.

T

Unmodified graphene A

Noncovalently modified graphene

N

Covalently modified graphene

Intensity (arb. unit)

o
@
Q

2D

A

1200 1500 1800 2100 2400 2700 3000
Raman shift (cm~")

Figure 7. Raman spectra of unmodified, and noncovalently and covalently modified graphene on
Si02/Si substrate.

The EIS measurements were performed to observe changes by the molecular modifications in
the electron transport properties inside the graphene electrode film and in electron transfer
properties across the electrode/electrolyte interface. The impedance spectra were recorded in the
frequency range of 100 kHz down to 0.1 Hz with 10 points per decade, at open circuit potential, 0.3
V, using a 10 mV amplitude sinusoidal voltage in 0.1 M PBS containing 1 mM FcDA. We assumed an
equivalent circuit based on a Randles-type equivalent circuit, as shown in Figure 8a, including a
series resistance, Ri, constant phase element associated to the graphene/SiO2/Si structure, CPEs,
electrical transport resistance parallel to the CPEs, Rz, charge transfer resistance, R«, constant phase
element associated to double layer capacitance, CPEa, and Warburg element, Zw. These parameters
are determined from a curve fitting of a Nyquist plot. Here, we assumed that the monolayer
graphene electrodes have larger internal resistance than the resistance of solution used in this
measurement condition, and that CPE:s is parallel to a part of the electrical transport resistance in the
graphene films. Therefore, R1 was regarded as the sum of the solution resistance and a part of the
electrode internal resistance and the electrode internal resistance was considered to be included also
in R2. Accordingly, the sums of the Ri and Rz were compared before and after the modifications to
estimate the variations in electrode internal resistance by the molecular modification because the
solution resistance should be almost constant in the same measurement conditions. The Re values
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for the electrochemical reaction of FcDA can be directly measured as a semicircle diameter. Figure
8b,c show the Nyquist plots for the graphene electrodes before and after the covalent and
noncovalent modifications, respectively. The fitting EIS parameters are listed in Table 1. The black
curves in both Nyquist plots show spectra of the unmodified graphene electrodes. The variations in
the fitting parameters between both unmodified graphene electrodes are attributed to the errors
resulting from the fabrication process including the transferred position of graphene sheet, PMMA
residues and microscopic cracks of the SiO2 layer. In the Nyquist plots for the covalent modification,
the R« and the sum of Ri and R2 before modification were determined to be 104 kQ) and 880 Q,
respectively, by equivalent circuit fitting in the impedance spectra. After the covalent modification,
the Nyquist semicircle was significantly enlarged, indicating an increase in R«. The R« was
determined to be 2.75 MQ), which is approximately 25-fold higher than before modification, while
the sum of Ri and Rz was 907 (), which is almost maintained. The significant increase in Rt was
possibly due to the covalently modified nitro phenyl groups blocking the reaction site of the
graphene. This result is consistent with the reduction current in the second cycle for covalent
modification being significantly inhibited, as shown in Figure 6a. In comparison, there was no
significant change in the sum of Ri and R: corresponding to the variation of electrode internal
resistance. It suggests that the covalent modification partly broke the C-C sp? bonds and most of the
remaining m-conjugated network still worked. For the noncovalent modification, the Rt and the sum
of Ri and Rz before the modification were determined to be 67 kQ and 721 (), respectively, and after
the modification, these values were changed to be 158 kQ) and 658 ), respectively. The decrease in
the sum of R1 and R: after the noncovalent modification indicates the resistance for electric transport
in the graphene film decreased attributed to the p-doping effect of PBSE. On the other hand, the
slight increase in R« after the modification is ascribed to butanoic acid, the molecular chains of PBSE,
which may interfere the approach of the FcDA to the graphene surface. Nevertheless, the R« value
for the noncovalent modified graphene was much lower than that of the covalent modified graphene
and comparable to those before the surface modifications. Thus, noncovalent bonds using m—m
stacking allow molecular modifications without degrading the resistance properties of the graphene.

2000 .
400} §
/
CPEs CPEal . 1500 After i __ 300t 1
g g
= 53
=, 1000[ 1 & 2000 |
R1 ! ! After
R2 Ret Zw S00r | 1008 -~ 1
Before e Before
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0 500 1000 1500 2000 0 100 200 300 400
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(a) (b) (o)

T

T

Figure 8. (a) Equivalent circuit model used for fitting Nyquist plots. (b,c) Nyquist plots obtained at

monolayer graphene electrode before and after (b) covalent and (c) noncovalent modification in 0.1

M PBS containing 1 mM FcDA. Solid lines represent fitted curves.

Table 1. Fitting EIS parameters of the graphene electrodes in 0.1 M PBS containing 1 mM FcDA

before and after covalent or noncovalent modification.

r CPE, CPEa . .
Sampl TOR(Q < 4 2
ample @ oo e ke esy X
(WFs) (WF-sD)
Before covalent
- cova 100 780 125 069 190 099 104 3.47 0.003
modification
Aft lent
er covaten 107 800 464 061 318 092 2753 113 0.025

modification
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Before noncovalent

. 231 490 1.45 0.75 2.00 0.97 67 3.18 0.010
modification

After noncovalent

. 271 387 0.50 0.85 2.69 0.93 158 2.66 0.044
modification

Subsequently, to confirm that the above change in electrochemical properties is observed for the
other redox system, an evaluation was performed by cyclic voltammetry using [Ru(NHs)s]Cls, which
is a widely used redox for characterizing electrodes. Figure 9 shows CVs for 1 mM [Ru(NHs)s]Cls in
0.1 M KCl at the unmodified and covalently and noncovalently modified graphene electrodes at a
scan rate of 100 mV/s. Well-defined oxidation and reduction peaks were observed at the unmodified
and noncovalently modified graphene electrodes. The peak-to-peak separation AE, at the
unmodified graphene electrode was 190 mV. We estimated k° from the measured AE, as 1.1 x 10~
cm/s by using the Nicholson’s method [34,35], which corresponds to a quasi-reversible system (10-2 >
k0> 104). Also, the AE, at the noncovalently modified graphene electrode was 208 mV, and k° was
estimated to be 8.1 x 10 cm/s from the measured AE,. This also corresponds to a quasi-reversible
system, and there was no significant change compared with before modification. In comparison,
significant decrease in current density and no reduction peak were observed for the covalently
modified graphene electrode. These electrochemical behaviors are consistent to results of the EIS
measurements. Therefore, these results suggest that covalent modification for an individual
graphene sheet can significantly affect charge transfer between graphene and electrolyte, while
noncovalent modification shows little degradation in electrochemical properties despite the
one-atom-thick electrode. Such trends in electrochemical properties by both molecular modifications
were confirmed by using the other graphene electrodes although there are differences of degree.

100F T T T ..I T ]

Current density (pA/cm?)

-06 04 -02 00 02 04

Potential vs. Ag/AgCl (V)

Figure 9. CVs of unmodified (solid line, black), and covalently (dotted line, red) and noncovalently
(dashed line, cyan) modified graphene electrodes for 1 mM hexa-ammine-ruthenium (III) in 0.1 M
KCl at scan rate of 100 mV/s.

4. Conclusions

In summary, we investigated the electrochemical properties of graphene electrodes before and
after molecular modification. Nitrophenyl groups were immobilized via covalent bonding on a
graphene electrode by using the electrochemical reduction of 4-NBD salt. Also, PBSE was
noncovalently modified on a graphene electrode by a pyrenyl group. Furthermore, the properties of
graphene before and after molecular modification were characterized by using Raman spectroscopy,
electrochemical impedance spectroscopy, and cyclic voltammetry. Noncovalent modification with a
pyrenyl group can be performed nearly without degrading the electrochemical properties of
graphene. However, the covalent modification by using the electrochemical reduction of 4-NBD salt
introduced a lot of defects in the graphene, and the surface-grafted nitrophenyl groups suppressed
the charge transfer between the graphene and the electrolytes. Therefore, these results suggest that
the noncovalently modified graphene electrode retains the excellent electrochemical properties of
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graphene. Our results demonstrate that CVD-grown monolayer graphene can be a platform for
investigating the interface of molecule and carbon-based materials.
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