Int. J. Electrochem. Sci., 11 (2016) 10172 — 10184, doi: 10.20964/2016.12.31

www.electrochemsci.org

Electrochemistry of Graphene Flake Electrodes: Edge and Basal
Plane Effect for Biosensing

Feifei Zhang'”", Lin Lu?, Min Yang®, Cuili Gao', Zonghua Wang"”

of Carbon Nanomaterials, Qingdao University, Qingdao 266071, Chin
i Zibo normal college, Zibo, Shandong 255200, China
E-mail: wangzonghua@qdu.edu.cn, zhangfeifei00921@163.

Received: 2 September 2016 / Accepted: 30 Septe blishéd: 10 November 2016

In order to study the properties of the gragj : e and edge specifically, the graphene flakes
(GFs) were selectively masking with g Ki

only. An electro-exfoliation process,a oduCe functional groups on the surface of GFs

basal plane and edge electrodes. i tructure defects, functional groups and surface
states of the electrodes were gfMan and XPS. Depending on the electrochemical
species (Fe**, UA and AA) GFs basal plane and edge carbon atoms could play a

different role in electroc
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1. INT

Graphene has been applied to modified electrodes in various systems, such as chemical-
sensors, biosensors, supercapacitors and batteries[1-4]. Graphene derivatives, including pristine
graphene, graphene oxide (GO), chemically reduced GO (rGO)[5] and N-doped graphene[6] have
generated much attention due to their promising applications in biosensing and detection of
biomolecules such as hemin, DNA, urea and dopamine[7-11]. Previous researches have assumed that
the attractive electrochemical activity and electron-transfer rate are due to the surface defects and
functional groups load on the basal plane and edge.[12] It has been reported, the electron transfer of
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graphene happens on the edge atoms of the graphene.[13] However, no obviously result was got
because of difficulties in distinguishing graphene surface atom from its edge.

This situation was further complicated by oxygen functional groups, often reacted by chemical
or electrochemical oxidation of the graphene. For example, the question of whether the influence of the
oxygen groups is positive or negative. Chou and co-workers reported that the carboxylic groups of
single-walled carbon nanotubes were the reason for increasing the electron transfer rate constant of
ferro/ferricyanide.[14] However, Ji and co-workers presented that during the increases of oxygen
groups within graphite microparticles, heterogeneous electron transfer between the, graphite and

ferro/ferricyanide decreases.[15] The adsorption and desorption of molecules ta lace in the
electrochemical reaction and after the reaction, also influence the electron transfer rate.[12

In this work, in order to study the electrochemistry of the graphe edge
specifically, we firstly used scotch tape repeatedly peeling flakes of highl olytic graphite

. polystyrene, PS)
electro-chemical
probes, including K3[Fe(CN)g], uric acid (UA) and ascorbi
sensitivities to various surface states of an electrode,[1 ere then used to detect the
electrochemical propertes of the basal plane and edge atoms.

2. EXPERIMENTAL
2.1. Fabrication of edge (G-E) and haSalNghane (G-Pgelectrodes from graphene flake
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Figure 1. Schematic representation of the preparation procedure of graphene electrodes with the only
edge (G-E) or basal plane (G-P) carbon atoms accessible to electrolyte.

Fig. 1 shows a schematic representation of the procedure for the G-E and G-P electrodes from
the GF (the thickness was measured by SEM). To start with, GFs were fixed to a copper belt (step 1)
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with silver epoxy. The graphene flake edge electrode with only the edge exposed (named as G-E
electrode) was prepared by coating the copper-belt-supported GF with a PS solution (10 wt% in
toluene) ,and then drying at 50 °C in air (step 2), partially cutting off the free end of the polymer-
wrapped GF (step 3). The access of electrolytes to the inner wall of the GF can be limited by its
hydrophobicity. [9] And, the graphene electrode with the basal plane exposed (named as G-P
electrode) was prepared by covering the graphene flake with a small piece of square steel (2 mm*2
mm*10 mm) firstly, then coating the all sides and back of the copper-belt-supported GF covered with
the steel by the PS solution, drying at 50 °C (step 4), finally remove the steel to expose the basal plane
of graphene electrode.

2.2. Electrochemical oxidation of graphene edge and basal plane electrodes

G-P electrodes at
1.8 V in 0.1 M phosphate-buffered saline solution (PBS, pH 6.5) for di 1 andy =3, 10, 30
min); Then they were cyclic scanned in H,SO4 (0.5 M) until i tammogram.

microscopy (SEM, JEOL JSM-7001F). A n spectroscopic (XPS) measurements were

made on a PHI Quantera SXM ( S onochromatic Al Ko radiation. Raman
spectroscopy data were collected e using a Micro-Raman spectrometer (Nikon)
with 532 nm laser source.

Electrochemical me erformed by using a BioLogic EC-Lab (VSP-300) with a

Surface morphology of G-P and G-E with different oxidation times was characterized by SEM.
As shown in Fig. 2a, the freshly peeled surface of graphene flakes is smooth with little wrinkles and
edge planes. In Fig. 2b, after 3 min electrochemical oxidation of the graphene basal plane (O 3 min-G-
P), a little structure defects caused by tiny bubbles were observed on graphene flake surface, indicating
an intercalation of the solvent into graphene flake edges. It has been reported that the intercalation of
electrolyte and water into graphite layers can occurred subsurface gas evolution.[17] The grain
boundaries, step defects and edge sites have been reported be preferentially etched during the
intercalation process, and then yields gas production from these sites.[18] And some small size single
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layer or few layers graphene (several hundred nanometers) were exfoliated in the oxidized process,
which was also proved by the Raman results in Fig. 4. After a long time oxidation of 30 minutes, there
is a significant change observed in the surface structure of the grapheme basal plane (Fig. 2c). Most of
the surface was deeply exfoliated to big size graphene flakes. And, some curved single layer or few
layers graphene with size bigger than 10 micro meters was observed.

Figure 3. SEM images of the surface of (a) G-E, (b) O 3 min-G-E, (¢) O 10 min-G-E, and (d) O 30
min-G-E electrodes

SEM images of G-E electrodes in different oxidation time (0, 3, 10, 30 min) were shown in Fig.
3. Most of the surface carbon exposed to the electrolyte is edge atom (Figure 3a). Fig. 3b-d showed a
typical exfoliation process of the same sample at different times.
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more than one ™ur, a large amount of materials was released in solution, resulting in a dark solution.

The vibration modes of molecules can be characterized by Raman spectroscopy, while the
probing of a small volume can be performed with Micro-Raman spectroscopy that combines a
confocal microscope and the spectroscopy system [19]. Raman spectroscopy and imaging was used as
an effective tool to identify the number of graphene layers, and to probe structural and electronic
characteristics of graphite materials, providing significant information on the defects (D band at ~
1350 cm™), in-plane vibration of sp2 carbon atoms (G band at ~1580 cm™ ) and the stacking order (2D
band at ~2670 cm™) [20].
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Raman spectroscopy and imaging of G-P and G-E electrodes at different oxidation times are
shown in Fig. 4. For the imaging maps, the intensity of D, G and 2D bands are colored as purple, red
and green, respectively. Typical Raman spectroscopies of GF are observed at 1582.7 cm™ for G band
and 2725.1 cm™ for 2D band in Fig. 4(1). Most of the original GF sheet surface has no defect, although
a little D band at 1582.7 cm™ appears, which may arise from the edge-plane defect on the surface.
After electrochemical oxidization for 3 min in 0.1 M of PBS, the imaging of electrode surface
undergoes a marked change in color. Especially, many green color areas appear, indicating the increase
of 2D band intensity in these areas (Fig. 4(2)). For the Micro Raman spectroscopies of points b and c,
some defects (Ip/lg = 0.4) were introduced into the surface along the “cracks”, indicat
plane atoms are easily oxidized. The intensity ratio of I,p/lg is ~5 and there is ~20 cm™

the 2D band at point c, confirming the presence of some small single layer aman
spectroscopy of basal plane, O 3 min-G-P electrode shows similar phenomena meaning that
the basal plane atoms are not oxidized after a short time reaction. In itualy min-G-P
electrode (Fig. 4(3)), some defects were introduced into the basal

with the intensity ratio of Ip/lc= 1. A big D’ band (1613 cm™) I i und, which also

indicates the presence of defect. In addition, some of larger sy i few layers graphene

he introduction of oxygen containing
y'the Ip/lg intensity ratios of O-G-P and O-
uch larger than O-G-E electrode under the

can “affect the electrochemical processes, such as the adsorption or chelation
e surface charge [21]. Fig. 5 shows the wide spectra for O 30 min-G-P and O 30

respectively calculated to be 19 and 32 for O 30 min-G-P and O 30 min-G-E electrode, consisting with
the results from Raman experiments. After the electrochemical oxidation for 30 min, the defect caused
by the introduction of oxygen groups on the G-P electrode is much more than the G-E electrode.
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Figure 0% “iqresolution C1s spectra of G-P (a), G-E (b) and O1s spectra of G-P (c), G-E (d)
with rochemical oxidation for different time.

For the G-P electrodes at different oxidation time, high-resolution C1s and O1s of XPS spectra
are shown in Fig. 6a and b. For the C1s spectra, the peaks at 284.5 eV and 291.0 eV correspond to the
sp® hybridized graphitic carbon and the -n* structure, respectively. After the oxidation for 3 min and
30 min, there is no obvious change in the C1s spectra of O-G-P electrodes. For the O1s spectra, the
peak at 532.9 eV corresponds to the contribution from C—OH groups and the peak at 531.3 eV
corresponds to the C=0 and O=C—-OH groups or some absorbed oxygen. After oxidation, the peak at
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532.9 eV for C—OH groups increase gradually, meaning that the main chemical groups introduced to
the surface of graphene basal plane are hydroxyl groups during the electrochemical oxidation. A broad
band at 534~530 eV is observed at the original G-P electrode without oxidation, which arises from the
absorbed oxygen.

Fig. 6¢ and d show the high-resolution C1s and O1s of XPS spectra from the G-E and O 30
min-G-E electrodes, respectively. For the C1s spectra, there is a peak at 285.4 eV, compare to the
original G-E electrode. That can be assigned to the peaks at 286.2 and 287.0 eV, corresponding to the
C-OH, C=0 species, respectively. The assignment of peaks in the O1s spectra for O 30 min-G-E is

, K3[Fe(CN)¢], uric acid and ascorbic acid were
griies of the basal plane and edge atoms, and the

(AEp =~ 90 mVelectrodes under the same conditions (Fig. 7(b)). The decrease in AEp by 30 mV
indicates an increased electron-transfer rate for the oxidized G-E electrode. Furthermore, the AEp of
oxidized G-E electrode is close to 59 mV over the scan rates from 10 to 200 mV/s (Fig. 8(a)), which
indicates a diffusion controlled Nernst process (in Fig. 8(b)).[28]
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Figure 7. CVs of 5 mM K3 [Fe(CN)g] in 0.1 M PBS (pH 6.5) for the G-P (a) ectrodes
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Table 1. The oxidati peaK potentials and currents of O-G-P and O-G-E electrodes
with differe bon ti s of 5 MMKj3 [Fe(CN)g].

Ipa (MA Epc(V) Ipc (MA AE= Epa- Epc

cm’?) cm?) (mV)
0.18 -0.15 0.07 690
0.41 -0.03 0.37 410
1.08 0.05 0.85 280
14 0.15 1.3 90
3.7 0.16 3.3 60

O 10 min-G-E 0.23 6.9 0.16 6.6 70
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3.2.2 Electrochemical activity of uric acid (UA)
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Figure 9. Cyclic voltammograms of 1 mM UA recorded in0.1M PBS H 6.\ at a

electrodes (Fig. 7(b)).
significantly, which is attributed to the exfolia
edge atoms as reactive sites.

Ipa (MA  Epc(V) Ipc (MA  AE= Ep-Epec (MV)
-2 -2
cm™) cm’)
0.25 N N -
0.62 0.27 -0.2 210
2.59 0.31 -0.51 80
: 0.94 0.30 -0.15 60
O3 min-G-E 0.36 2.82 0.30 -0.48 60
O 10 min-G-E  0.37 5.82 0.31 -1.44 60

N: No obvious peak

The oxidation and reduction peak potentials, currents of O-G-P and O-G-E electrodes with
different oxidation times for CV detection of UA are shown in Table 2. A dramatic AEp change at the
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O-G-E electrode was observed from 210 mV for 3 min oxidation to 80 mV for 30 min oxidation,
which is more significant than the results from the above case of K3 [Fe(CN)s]. This may be due to the
oxygen and nitrogen groups in the UA molecular structure, which could interact with the oxygen
groups (especially hydroxyl group) and be introduced to graphene basal plane. As a result, a further
catalyst for the redox was obtained and also could enhance the electron-transfer rate reaction of UA.

3.2.3 Electrochemical activity of ascobic acid (AA)

(a)0.24- —G-P ) 2mM AA (b) 20- 2mM AA —GE
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Figure 10. Cyclic voltammograms of 2
100mV/s of the G-P (a) and G4

Fig. 10 shows the C\/#@&f asco i A, 2.0 mM) in 0.1 M PBS electrolyte (pH 6.5) at the
G-P, G-E electrodes wi d ion. For the case of O 3min-G-E and O 30min-G-E

tential. The different Ep,a values for oxidation of AA were
des, suggesting that the electron-transfer rate in AA varies greatly

In summary, the graphene basal plane and edge carbon atoms play a different role in
electrochemistry at the graphene flak eelectrodes because of the used electrochemical species. The
results demonstrated that the electrochemical oxidation induced oxygen-containing surface
functionalities could regulate the electrochemical activities of graphene based electrode. According to
the XPS results as direct evidences, the edge carbon atoms of graphite are much more inclined to be
oxidized to the carbon-oxygen double bond. Nevertheless, in the electrochemical process, the main
chemical groups that were introduced to the surface of graphene basal plane are hydroxyl groups.
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The importance of carbon positions (the edge and basal plane sites of graphene) and
oxygenated species in electroanalysis was highlighted. In electroanalysis, the control of the referred
factors probably helps to the development of enhanced analytical sensors. For the electro-analyze of
Fe** and UA, the response signal was sensitive to both the carbon position and oxidation state. For the
case of AA, the redox reaction is only sensitive to carbon position, but not to oxidation state.
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