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We found that nanosized graphene sheets induced high electrochemical activity in pure carbon films,
which prepared by electron cyclotron resonance (ECR) plasma sputtering under low-energy electron
irradiation condition. The electrochemical properties were studied by electrochemical impedance
spectroscopy and cyclic voltammetry. The graphene sheets embedded carbon (GSEC) films showed a
wide potential window over 3.2V. The charge transfer resistance and the oxidation-reduction peak

separation (AEp) of the GSEC films are lower than amorphous carbon films in several redox systems
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(Fe(CN)G‘l’B', Ru(NH3)52+/3+, dopamine and ascorbic acid), especially in the inner-sphere system, the AEp
is only half of amorphous carbon films. The high electrochemical activity of GSEC films originated from
the nanosized graphene sheets, which offered faster electron transfer path and more reaction active sites.
Our results indicate the GSEC films have great potential to be an electrochemical biosensor in detecting
biomolecules with high oxidation potential.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon films have been widely investigated due to their excel-
lent performance in electrochemical measurements, such as wide
potential window, low background current and high reproduc-
ibility [1]. However, limited by the electrochemical activity, carbon
films can't be widely applied [2]. In the last decade, some new
depositing methods have been developed to optimize the film
structures for improving the electrochemical activity. A carbon film
with nanocrystalline structures prepared by electron cyclotron
resonance (ECR) plasma sputtering with ion irradiation [3,4] was
proposed. Comparing with the classical glassy carbon (GC), the
special sp? and sp> mixed bonds structure make this film better in
electrochemical activity with a lower background current, a wider
potential window (4.1 V). The similar films have also been prepared
with unbalanced magnetron sputtering by Niwa O et al. [5,6]. The
nanocrystlline is the key which improved the electrochemical ac-
tivity of carbon films. Furthermore, the graphene has better elec-
trochemical activity than other carbon materials [7,8]. Hence, many
efforts have been devoted to improving the electrochemical activity
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of carbon materials by doping graphene. Yildiz et al. [9] modified
the carbon paste electrodes with graphene, and successfully
applied them in pharmaceutical analysis. Sheng Z [10] and other
researchers [11,12] found graphene, nitrogen doped graphene and
reduced graphene oxide all can effective improve the electro-
chemical activity of GC. However, there are few methods to form
graphene structure in-situ in carbon films so far. In-situ forming
graphene in carbon film, not only can improve the electrochemical
activity significantly, but also is helpful to maintain the inherent
properties of carbon film. Recently, we have developed a method
for in-situ depositing graphene sheets embedded carbon (GSEC)
film, which is low energy electron irradiation ECR plasma sputter-
ing (EI-ECR) [13,14]. Unlike the ion irradiation, the energy of elec-
tron irradiation is low, which beneficial to form graphene sheets
[13]. Furthermore, the size of graphene sheets can be simply
controlled by adjusting the energy of electron irradiation [13,15].
The graphene sheets induced the pure carbon film possessed spe-
cial tribological performance [16], photoelectric [14] and electro-
magnetic properties [17]. However, up to now, there was no report
focus on the effects of nanosized graphene sheets on the electro-
chemical properties of carbon films.

In this paper, we investigated the electrochemical properties of
nanosized GSEC films by comparing with ion irradiation ECR (II-
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ECR) carbon films. The structure was characterized by atomic force
microscopy (AFM), transmission electron microscopy (TEM),
Raman spectra and X-ray photoelectron spectroscopy (XPS). The
electrochemical impedance spectroscopy (EIS) was measured in
5mM Fe(CN)64’/3’. The potential windows were tested in
0.05 M HySO4 solutions. The electrochemical activity was studied
by cyclic voltammetry with several redox probes encompassing
both outer-sphere (Ru(NH3)s2*/>*) and inner-sphere (Fe(CN)g* /3,
dopamine (DA) and ascorbic acid (AA)) redox systems. At last, we
applied this carbon film in measuring 5-Methylcytosine, which was
difficult to measure electrochemically because of their high
oxidation potential.

2. Experimental
2.1. Carbon film preparation

The carbon films were deposited on Si (100) with ECR plasma
sputtering technique. Prior to the deposition, the chamber was
pumped to a background pressure of 8.0 x 10> Pa and purity argon
was introduced into the chamber as the working gas with a pres-
sure of 4.00 x 1072 Pa. During the deposition, a DC bias voltage
of —500 V was applied to the carbon target. The EI-ECR carbon films
were fabricated at bias voltage of +50 V and +20 V (named as E50
and E20), while the II-ECR films were deposited at voltage of —50 V
and —20V (named as 150 and 120) as shown in Fig. 1. The depositing
time was 30 min for each sample.

2.2. Carbon film characterization

Raman spectroscopy (HORIBA, LabRAM HR Evolution) was used
to study the bonding configuration of carbon films and fitted with a
double Gaussian function, the wavelength in Raman spectroscopy
was 532 nm C1s and O1s X-ray photoelectron spectra were recor-
ded with a ThermoScientific ESCALAB 250X spectrometer to
determine the elemental composition and the quantity of chemical
bonds in the carbon film surface. The structures of carbon films
were observed by TEM (JEM-3200FS) with electron acceleration
voltage of 200 kV. AFM measurements were performed by using a
Dimension Edge at room temperature with a BRUKER SCANASYS-
AIR tip. The images were recorded in the peak force tapping
mode at a scanning rate of 1 Hz with 512 x 512 pixels.

2.3. Electrochemical measurements

Electrochemical experiments were performed by using an
electrochemistry workstation of Gamry Reference 600+. A plat-
inum wire and an Ag/AgCl electrode were used as counter and
reference electrodes, respectively. The carbon films were used as

s
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the working electrodes. The electrochemical impedance spectros-
copy (EIS) were measured from 0.1 Hz to 100 kHz with 5 mM
Ru(NH3)¢"* in 1M KCl, the AC signal was 5mV. The electro-
chemical windows were measured by using cyclic voltammetry
(CV) in 0.05 M H,SO4 with a scanning rate of 100 mV/s. The elec-
trolyte solution was purged with Ar for 30 min to remove the dis-
solved oxygen, and Ar atmosphere was maintained throughout the
experiments. The electrochemical activities were characterized
with 1 mM Ru(NH3)¢2+3* in 1 M KCI, 1 mM Fe(CN)s* - in 1 M KCl,
1 mM dopamine in 0.1 M PBS and 1 mM ascorbic acid in 0.1 M
phosphate buffer solutions (PBS). The square wave voltammetry of
1mM 5-mC in 0.1 PBS was tested. The pulse size potential and
frequency were 5mV and 5 Hz, respectively. All electrochemical
measurements were repeated at least 3 times with different elec-
trodes at room temperature.

2.4. Chemicals

All the chemicals were analytical grade and used as received.
Hexaammineruthenium (III) chloride, dopamine, ascorbic acid and
5-mC were purchased from Shanghai Macklin Biochemical Co., Ltd
(China). Potassium ferricyanide was obtained from Sinopharm
Chemical Reagent Co., Ltd (China). Potassium chloride was pur-
chased from Xilong Chemical Co., Ltd (China). Sulfuric acid was
obtained from Zhuhai huachengda Chemical Co., Ltd (China). PBS
were prepared by mixing stock solutions of Na,HPO4 and KH,PO4.
Ultrapure water was used in all experiments.

3. Results and discussion
3.1. Surface structures and chemical composition

The carbon films were characterized with AFM, TEM, Raman
spectroscopy and XPS measurements. Firstly, surface roughness
(Ra) of carbon films were determined from an area of 5 um x 5 pm.
As shown in Fig. 2, the surface of EI-ECR and II-ECR carbon films
were both very flat. The values of Ra were all on the Angstrom (A)
scale as presented in Table 1. They are much lower than GC elec-
trode (typical Ra is 2—4 nm) [3,18]. Meanwhile, comparing with the
carbon films prepared by electron beam evaporation, they are
almost the same [19]. Furthermore, some obvious protrusions on
sample E20 and E50 could be observed in Fig. 2, which maybe
related with the formation of graphene nanocrystallite. Thus, EI-
ECR carbon films have rougher surfaces than the II-ECR carbon
films.

The microstructures of carbon films were characterized with
high-resolution TEM as presented in Fig. 3. The samples 150 and 120
prepared by II-ECR were both amorphous structures without any
graphene sheets observed. However, graphene nanocrystallite

Microwave

Fig. 1. A schematic illustration of the formation of ER-ECR films (a) and IR-ECR films (b).
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0.157 nm

0.185 nm

Fig. 2. AFM images of the surface of carbon films: (a) I50; (b) 120; (c) E20; (d) E50.

Table 1
The surface characterization data of carbon films with AFM, Raman and XPS.

Ra (nm) In/lc 0/C% Cc—0% C=0% sp?/(sp>+sp>)%
150 0.157 0.17 7.31 451 3.56 62.20
120 0.185 0.28 6.76 5.19 471 71.55
E20 0.439 0.98 5.62 8.48 9.72 85.14
E50 0.738 1.38 5.49 8.31 9.53 86.86

could be found in the samples E20 and E50 prepared by EI-ECR.
Each graphene nanocrystallite contained several layers graphene
sheets, which showed twisting, curving and vertically oriented to
the film surface. The sizes of graphene sheets in sample E50 are
larger than that E20. This result indicates that the EI-ECR are
favorable to form graphene nanocrystallite structure. It also proved
that the higher roughness of EI-ECR carbon films were resulted
from the formation of graphene nanocrystallite.

We studied the bonding configuration of carbon films by Raman
spectroscopy. As shown in Fig. 4, the Raman spectra of samples 150
and 120 exhibited a strong G peak around 1555 cm™~ !, which arising
from the bond stretching of pairs of sp>-bonded C atoms in rings
and olefinic chains [20]. On the other hand, the Raman spectra of
samples E50 and E20 contained separable D and G peak around
1350 cm~! and 1598 cm™, respectively. The clear-shaped D band
represented long range ordered structures with sp? hybridization.
The G peak shifted to higher frequency compared with II-ECR car-
bon film, which suggesting the bond ordering or clustering of sp?
phase towards nanocrystalline carbon [21]. Moreover, the sample
E50 exhibited obvious 2D peak, which was arose from the two-
phono involved double resonance Raman process and typically
occurs inside a graphene layer. It suggests the existence of gra-
phene sheets in samples E50. Furthermore, we obtained the D/G
peak ratio Ip/Ig for each spectrum by Breit—Wigner—Fano (BWF)
[21,22] fitting as shown in Table 1. Ip/Ig increased from 0.17 to 1.38
with the increasing of bias voltage. Ip/I ratio is related to clustering
and ordering of the sp? phase in stage 2 of Ferrari's model [21].
Since the sp® phase clusters, there is a growing number of rings,
which increases the D peak intensity and Ip/Ig. The TEM analysis

results showed the formation of graphene nanocrystallite in EI-ECR
carbon films. Hence, we can conclude that the graphene sheets
were formed in EI-ECR carbon films and lead to the increasing of D
peak intensity and Ip/Ig in Raman spectroscopy.

Furthermore, the surface chemistry of carbon films was also
analyzed by XPS. As showed in Fig. 5, the high-resolution C1s XPS
spectra was used to determine the relative concentration of sp? and
sp> hybrid carbons. From the 150 to E50, the shoulder peak
observed on the higher energy side of the main large peak
decreased with the bias voltage increasing. Based on the Shirley's
method [23], the C1s XPS spectra were decomposed into four peaks
(C1—C4). The peaks appeared at 284.6 eV (C1, C=C) and 285.5 eV
(C2, C—C) are assigned to sp? and sp> hybrids and colored with red
and blue, respectively. The C3 and C4 peaks with purple and green
are assigned to C—0 and C=0 bonds caused by oxygen adsorbed on
the carbon film surface. As shown in Table 1, the EI-ECR carbon
films contained more C—0O and C=0 bonds, whereas the ratio of
01s/C1s in EI-ECR carbon films was lower. This indicates that the
C—0 and C=0 bonds are more easy forming at the surface of EI-ECR
carbon film. Comparing with II-ECR films, the ratios of sp?/
(sp?>+sp>) were higher in EI-ECR films. During the low-energy
electron irradiation in ECR system, the incident electrons inter-
acted with the carbon atoms on the film top-surface through in-
elastic scattering, leading the bond transformation from sp? to sp?
and the formation of graphene sheets [15,24]. Moreover, the value
of bias voltage denoted the electron irradiation energy. Higher bias
voltage lead to more sp?>-bonded carbon. Based on the above re-
sults, the TEM image, Raman spectra and XPS are all in good
agreement in confirming that EI-ECR carbon films are typical GSEC
film with more sp*-bonded carbons and graphene sheet edges. We
can control the film structure gradually from amorphous to gra-
phene sheets embedded structures by IR-ECR and ER-ECR.

3.2. Electrochemical properties

3.2.1. EIS
The EIS were measured to characterize the electrochemical
properties of carbon films. The Bode plot and Nyquist plot were



176 L. Huang et al. / Electrochimica Acta 262 (2018) 173—181

Fig. 3. Surface TEM micrographs of carbon films: (a) 150; (b) 120; (c) E20; (d) E50.
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Fig. 4. Raman spectroscopy of four carbon films.

presented in Fig. S1 and Fig. 6(a), respectively. There was only one
time-constant observed. At high-frequency range, a very small
semi-circle was formed as shown in Fig. 6(b). The straight line in
the low-frequency suggested that the response was dominated by
diffusion. The EIS data was fitted with the Gamry Echem Analyst
software as listed in Table 2. The R, Rs, Wq and CPE were the charge
transfer resistance, solution resistance, Warburg element and
Constant Phase Element, respectively. The parameter n indicated
the deviation of CPE's characteristics from an ideal capacitor. When
the value of n is 1, it means an ideal capacitor. The double-layer
capacitance (Cqj) of EI-ECR carbon films were higher than II-ECR
carbon films, which may be resulted from the higher surface

roughness of EI-ECR carbon films. Based on reference [25], we
calculated the apparent heterogeneous rate constant (I(Oapp). The
EI-ECR carbon films had lower Ri and higher Koapp. The
Ru(HN3)¢?* is an outer-sphere redox system, which is not
affected by the surface state [1]. The charge transfer resistance can
be decomposed into two parts. The one is electron transfer resis-
tance from the redox species in solution to the surface of carbon
film, the other is electron transport resistance through the carbon
film [25]. Hence, we can conclude that the electron transfer resis-
tance and electron transport resistance in EI-ECR carbon films are
lower than II-ECR carbon films.

322. ¢V

As an important electrochemical characteristic, the potential
windows were measured to confirm the stability of carbon film
electrodes for high potential polarization. Based on the report of
Granger et al. [26], the potential window was defined as the po-
tential range with the current variation limited in +500 pA/cm?.
Fig. 7 showed the CVs of carbon films electrodes in 0.05 M H,SO4
with a scanning rate of 100 mV/s we also tested the potential
window of GC as reference. The GC electrode surface was polished
using 0.05 um Al,Os3 particles and ultrasonic cleaned in deionized
water before the electrochemical measurements. The potential
window of EI-ECR carbon films are a little narrower than II-ECR
carbon films, but wider than GC obviously. The values of potential
window are mainly influenced by the oxygen evolution reaction
overpotential and hydrogen evolution reaction overpotential [27].
The higher the overpotential, the wider the potential window. The
kinetics of oxygen and hydrogen evolution reaction are the decisive
factor of overpotential value, and strongly depend on the nature of
the carbon electrode material as well as the preparation of the
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Fig. 5. High-resolution decomposition C 1s XPS spectra of carbon films: (a) I50; (b) 120; (c) E20; (d) E50.
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Fig. 6. The full range (a) and high-frequency range (b) Nyquist plots of carbon film electrodes obtained from EIS measurements with 5 mM Ru(NH3)s>"/>* in 1 M KCI. The insert is

equivalent circuit (The Bode plots showed in Fig. S1).

Table 2
Fitted results of EIS with the equivalent circuit.

Carbon films Rs/Q-cm? Cqi/uF-cm™2 n Ret/Q-cm? Wy x 1073/Q 1512 K%pp/cm-s~!
E50 1.39 32.18 0.834 1.195 10.29 0.090
E20 1.63 2431 0.868 1.804 6.87 0.060
120 145 15.26 0.890 3.004 5.01 0.036
150 1.62 14.06 0.883 4.131 3.76 0.026

surface [1]. For the carbon materials, the relative concentration of
sp? and sp> hybrid carbons have great influence on the density of
electronic states (DOS). DOS of the carbon film can increase elec-
tron transfer rate and reduce the overpotential, such as the rela-
tionship between sp?-bond content and the potential window
reported by Jia et al. [28]. The DOS of sp? carbon atoms were higher
than sp> carbon atoms in the vicinity of the Fermi level [29,30], and
the graphene edge sites were easier to gain more electron by
calculating the profiles of Mulliken charge [31,32]. Hence, we can
conclude that the DOS of EI-ECR carbon films was higher than II-
ECR carbon films by comparing the relative concentration of sp?

and sp® hybrid carbons and the amount of graphene edges.
Therefore, the potential windows of GSEC films were lower than
amorphous carbon films. Besides the influence of carbon structure,
higher surface roughness and oxygen-containing groups contents
could also reduce the potential window [3]. As shown in Fig. 2 and
Table 1, EI-ECR carbon films possessed higher roughness and more
oxygen-containing groups, which also caused the GSEC film
showed a narrow potential window than II-ECR films.

In order to examine the electrochemical activity of these carbon
films, several redox systems were used in CVs measurements
including Ru(NH3)¢?**, Fe(CN)¢**~, DA and AA. Fig. 8(a)



178

ICur‘rentﬁ‘SCIOp,*?«-cm'2

f
f"

_/

GC 265V

i
ES50 3.22‘\!/

f" E20 345V
——
P 120 347V
7~ 150 4.10V
1 i 1 " 1 L 1 " 1
-2 -1 0 1 2
E/NV vs.Ag/AgCI

Fig. 7. Voltammograms of ECR carbon films electrodes in 0.05 M H,SO4 deoxygenated
with Ar (Scan rate, 100 mV/s).

presented the CVs of 1 mM Ru(NHs)g2 ™+ in 1 M KCl at four carbon
film electrodes with a scanning rate of 100 mV/s. The oxidation-
reduction peak separation (AEp) of Ru(NH3)g>™** were calculated
as showed in Table 3. The AEp of Ru(NH3)g2/>* at EI-ECR carbon
film electrodes were lower than II-ECR carbon film electrodes. The
higher the bias voltage, the lower AEp. It is well-established that
Ru(NH3)g>"* is considered to be a simple outer-sphere redox
system, which means the electron-transfer rate is insensitive to

L. Huang et al. / Electrochimica Acta 262 (2018) 173—181

surface chemistry, including the surface functional groups, surface
roughness, the monolayer adsorption [1]. The most important
factor affecting the reaction rate of Ru(NH3)63+/2+ is the electronic
structure of electrode [33]. The EI-ECR carbon films had higher DOS
due to the more content of sp? carbons and nanosized graphene
sheets as former discussed. The EIS results further showed the
electron transfer resistance and electron transport resistance of EI-
ECR carbon films were lower than II-ECR carbon films. It means that
the electron can be more easily transferred and transported in
graphene sheets. Therefore, the AEp of Ru(NH3)g>™>* at EI-ECR
carbon film is lower than II-ECR carbon film, and the EI-ECR car-
bon film has better electrochemical activity in Ru(NHs3)g>™/3*
solution.

The CVs of 1 mM Fe(CN)g> /4~ at four carbon film electrodes
were presented in Fig. 8(b). It showed the peak current of EI-ECR
carbon films were higher than II-ECR carbon films, which may be
related with the higher active surface area. The values of active
surface area of samples E50, E20, 120 and 150 were evaluated with
the Randles-Sevcik equation [34], and they were 1.039cm?,
0.944 cm?, 0.873 cm? and 0.827 cm? (the CVs were showed in
Fig. S2), respectively. The AEp at a scanning rate of 100 mV/s were
listed in Table 3. The AEp of Fe(CN)53’/4’ at EI-ECR carbon films
were much lower than that at II-ECR carbon films, and the AEp at
sample E50 was lower than sample E20. It suggested that the EI-ER
carbon films had better electrochemical activity than II-ECR carbon
films in Fe(CN)g> /4~ As an inner-sphere redox couple, the kinetics
of Fe(CN)63’/4’ is dependent on the surface chemistry, electronic
properties and surface cleanliness [35,36]. The influence of surface
cleanliness can be ignored due to the same treatments for all the
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Fig. 8. CVs of carbon film electrodes with (a) 1 mM Ru(NH3)s>** in 1 M KCl, (b) 1 mM Fe(CN)g* /> in 1 M KCl, (c) 1 mM DA in 0.1 M PBS and (d) 1 mM AA in 0.1 M PBS, scan rate,
100 mV/s.
Table 3

The value of potential window and AEp in several redox system.

Potential window/V /\Ep Ru(NH3)g2***/mVv /\Ep Fe(CN)g* > /mv /\Ep DA/mV Oxidation Potential AA/mV
150 410 75.8 145.8 3771 576.5
120 3.47 73.8 121.7 359.1 574.8
E20 3.45 719 739 189.9 2889
E50 3.22 69.9 713 164.2 194.2
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samples during the experiments. As reported by McCreery [36,37]
and several other groups [38,39], the electron-transfer rate of
Fe(CN)53’/4* at carbon electrodes was dependent on the amount of
exposed graphene edges sp® carbon instead of the amount of sur-
face oxygen. The effect of surface oxygen can be neglected. The film
structure was the major factor to influence the electrochemical
activity. As shown in Fig. 9(a), the GSEC films have lots of nanosized
graphene sheets. The edges in GSEC film can offer more reactive
sites for Fe(CN)s> /4~ redox as shown in the left of Fig. 9(b). More
reactive sites are helpful to reduce the electron transfer resistance.
Therefore, the electron can be more easily transferred between
graphene sheets edge carbon atoms and solution, which resulted in
the lower AEp of Fe(CN)g>/*~ on EI-ECR films than II-ECR films.
Hence, it is the graphene edges induced the higher electrochemical
activity of GSEC films than amorphous carbon films in Fe(CN)g> /4~
redox system.

The CVs of 1 mM DA and 1 mM AA in 0.1 M PBS at four carbon
film electrodes were shown at Fig. 8(c) and (d), respectively. It
suggested that the oxidation peak current density of DA and AA on

—> Electron transport in electrode
1 =—>> Electron transfer at interface

EI-ECR films were both higher than II-ECR films. The higher
oxidation peak current density maybe related with the higher
active surface area. Since the oxidation of AA was totally irrevers-
ible and no reduction peak was observed on the cyclic voltammo-
grams, the oxidation peak potential values were compared instead
of AEp as shown in Table 3. Comparing with II-ECR carbon films, the
AEp of DA and AA at EI-ECR carbon films are much lower. The AEp of
DA on EI-ECR carbon films are also much lower than the carbon
films prepared by Jia ] [28] with II-ECR. It suggested that the EI-ECR
carbon films had better electrochemical activity than II-ECR carbon
films in DA and AA solutions. The DA and AA are both catechol
derivatives, which electrochemical oxidation reaction process is
diffusion controlled [40]. The catechol derivatives are surface sen-
sitive redox system and require adsorption to the surface to un-
dergo oxidation [41]. The sp>-bonded graphene sheets edges of El-
ECR carbon film is helpful to form m-7 interaction between the
surface sp? bonds and polar aromatic [36], which induce the GSEC
film possesses better adsorption ability for catechol derivatives. The
surface oxygen functional groups have no influence on DA [41], and
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Fig. 9. (a) The schematic diagram of three-electrode cell. The counter electrode (CE), reference electrode (RE) and working electrode (WE) are Pt, Ag/AgCl, and GSEC film,
respectively. The insert is graphene sheets formed in carbon film. (b) The high electrochemical activity of GSEC film originated from the graphene sheets: (i) graphene sheets edges
as active sites are beneficial to increase the electron transfer rate between the electrode and solution as denoted by the red double arrows; (ii) the graphene sheets offer fast electron

transport paths in GSEC film as denoted by the brown arrows. In Fe(CN)63’/4’

solution, the edge carbon atoms as active sites reduced electron transfer resistance and increased the

electron transfer rate. In catechol derivations solutions, the graphene sheets edges as hydrogen bonding sites facilitate proton-assisted electron transfer and the oxidation of

catechol derivations, resulted in the high electrochemical activity of GSEC film.
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the electrostatic repulsion between DA and surface oxygen func-
tional groups can be neglected in neutral pH solution, because the
amine group in DA is protonated giving it a positive charge [36].
Based on the “self-catalysis” mechanism [42], the graphene sheets
edges can be taken as hydrogen bonding sites, and facilitate the
proton-assisted electron transfer as shown in Fig. 9(b). Therefore,
the oxidation potential of DA at EI-ECR carbon film is lower than
that at I[I-ECR carbon film, and we can conclude that the GSEC films
have electrocatalytic property for the oxidation of DA.

For the AA, its sensitivity to oxygen functional groups is debated.
Chen P et al. [36] classified AA as a surface sensitive but not oxide
sensitive redox system, however, some other researchers showed
that the amorphous carbon films with lower oxygen content [20]
and vacuum heat-treated GC [43] had higher reactivity toward the
oxidation of AA. It has been proposed that the AA is negatively
charged at neutral pH and may be affected by electrostatic repul-
sion of surface oxygen functional groups. The XPS showed the EI-
ECR carbon films had more C—O and C=O0 bonds, but the EI-ECR
carbon films showed better reactivity than II-ECR carbon films.
Therefore, we inferred the key factor was the nanosized graphene
sheets in carbon film instead of surface oxygen functional groups.
The nanosized graphene sheets offer more active sites, which
helpful to the formation of hydrogen bonds between the AA and
graphene sheets [10]. Hence, the GSEC films exhibit better elec-
trochemical activity for the oxidation of AA than II-ECR carbon
films.

3.3. Application of detecting biomolecules

The wide potential window and high electrochemical activity of
EI-ECR carbon films means it can be used to detect biomolecules
with high oxidation potential. 5-Methylcytosine (5-mC) is an
important DNA base because it contains heritable information and
often associates with transcriptional silence of tumor suppressor
genes [44]. The 5-mC is often regarded as a hallmark of various
human cancers [45]. The detection of 5-mC is very important to
understand the molecular pathology for early cancer diagnosis.
However, the classical GC electrodes can not be used since the high
oxidation potential of 5-mC. The Fig. 10 showed the square wave
voltammetrys of 1mM 5-mC in 0.1 PBS at ECR carbon film elec-
trodes. The oxidation potential of 5-mC at 150, 120, E20 and E50
were 148V, 145V, 132V and 127V, respectively. The 5-mC
oxidized at lower potential on EI-ECR carbon film surface than
that on II-ECR carbon film. This further proved that the improved
electrocatalytic property of EI-ECR carbon film. Meanwhile, the
detecting current density of EI-ECR carbon films are larger than that
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Fig. 10. Square Wave Voltammetrys of 1mM 5-mC in 0.1 PBS at ECR carbon film
electrodes.

of II-ECR carbon films, especially the sample E50. The signal-to-
noise of E50, E20, 120 and 150 were 8.85, 4.13, 6.35 and 5.5,
respectively. It indicats that the EI-ECR carbon films possesses good
electrochemical activity in detecting 5-mC. All these results indi-
cate the GSEC film is a potential electrochemical biosensor material
in detecting biomolecules with high oxidation potential.

4. Conclusion

The electrochemical performances of graphene sheets
embedded carbon (GSEC) films were investigated by electro-
chemical impedance spectroscopy and cyclic voltammetry. The
GSEC films showed lower charge-transfer resistance in Fe(CN)63*/
4- solution, and lower AEp in both outer-sphere and inner-sphere
redox system than amorphous carbon films. GSEC films exhibited
high electrochemical activity while maintained a wide potential
window over 3.2V. This GSEC film also showed reactivity and
electrocatalytic property in the application of detecting 5-Methyl-
cytosine. The mechanisms are the nanosized graphene sheets
increased electron-transport rate and the graphene edges offered
more reaction active sites. Our GSEC films showed great potential to
be an electrochemical biosensor in detecting biomolecules with
high oxidation potential.
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