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arbon is one of the most abundant
C elements in nature, and novel nano-

scale carbon crystalline forms have
been predicted and synthesized over the
past few decades. In 1985, Cgo (buckmin-
sterfullerene) was discovered when gra-
phite was vaporized by laser irradiation.’
In 1991, lijima reported the transmission
electron microscopy (TEM) analysis of car-
bon nanotubes (CNTs) prepared by the arc-
discharge evaporation method, and studies
of CNTs have subsequently attracted great
attention.”~° In 2004, Novoselov et al. first
isolated individual graphene planes using
Scotch tape and found that graphene has great
potential for applications in electronics.'®~ "3
Additionally, Nakada et al. predicted the
existence of graphene nanoribbons (GNRs)
theoretically in 1996." Until recently, gra-
phene nanoribbons have been fabricated
by scanning tunneling microscope lithogra-
phy and chemical vapor deposition.'> ' The
effect of the structure on the band gaps of
GNRs has been widely investigated.'”'® In
addition to the above-mentioned methods,
CNTs have been more recently utilized as
the starting material to obtain GNRs.'??° In
the literature, the process to create GNRs
from CNTs can be divided into several cate-
gories, including wet chemical methods,>' %3
physicochemical methods,?* intercalation—
exfoliation,?> catalytic approaches,?**’ elec-
trical methods,?® sonochemical methods,?®
and electrochemical methods3® However,
opportunities still exist to use a facile and
large-scale unzipping process. In many of the
published examples, microwave heating has
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ABSTRACT In this study, graphene oxide nanoribbons (GONRs) were synthesized from the facile
unzipping of multiwalled carbon nanotubes (MWCNTs) with the help of microwave energy. A
core—shell MWCNT/GONR-modified glassy carbon (MWCNT/GONR/GC) electrode was used to
electrochemically detect ascorbic acid (AA), dopamine (DA), and uric acid (UA). In cyclic
voltammograms, the MWCNT/GONR/GC electrode was found to outperform the MWCNT- and
graphene-modified GC electrodes in terms of peak current. For the simultaneous sensing of three
analytes, well-separated voltammetric peaks were obtained using a MWCNT/GONR/GC electrode in
differential pulse voltammetry measurements. The corresponding peak separations were 229.9 mV
(AA to DA), 126.7 mV (DA to UA), and 356.6 mV (AA to UA). This excellent electrochemical
performance can be attributed to the unique electronic structure of MWCNTs/GONRSs: a high density
of unoccupied electronic states above the Fermi level and enriched oxygen-based functionality at the
edge of the graphene-like structures, as revealed by X-ray absorption near-edge structure

spectroscopy, obtained using scanning transmission X-ray microscopy.

KEYWORDS: graphene oxide nanoribbon - multiwalled carbon nanotube -
microwave - electrochemical biosensor - ascorbic acid - dopamine - uric acid

been shown to dramatically reduce reaction
time, increase product yields, and enhance
product purities by reducing unwanted side
reactions compared with conventional heat-
ing methods.?' More recently, the advantages
of this enabling technology have also been
exploited.>* 3% Carbon materials with dipolar
polarization and conduction are excellent
microwave absorbers>’ % The purification
and functionalization of CNTs can be accom-  *Address correspondence to
plished through a microwave treatment.*' ~** sunchialiang@gmail.com.

Zhu et al. synthesized activated microwave-
exfoliated graphite oxide (a-MEGO) with a
Brunauer—Emmett—Teller surface area of up
to 3100 m%/g as well as excellent gravimetric
capacitance and energy density.>® Therefore,
it is of interest to investigate the effects of
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microwave energy on the unzipping process when
CNTs are used as the raw material.

Dopamine (DA) has been demonstrated to be a neuro-
transmitter in the brain; hence, it sheds light on the
treatment of disorders of the central nervous system,
such as Parkinson's disease.***® Since the 1970, electro-
chemical methods have been used to detect chemicals in
the brain’ *° Because the electrochemical oxidation
peak potentials for ascorbic acid (AA), DA, and uric acid
(UA) are similar, research has focused on how to separate
their signal potentials with enhanced intensity.>°~>* CNTs
have been widely utilized in the electrochemical detec-
tion of biomolecules, although there is still uncertainty
about the fundamental activity of CNTs as electrode
materials.>>~>® More specifically, CNTs have been applied
to the electrochemical sensing of AA, DA, and UA because
of their unique electronic structures and conductivites. >~
Recently, platelet graphite nanofibers were found to
exhibit faster heterogeneous electron transfer rates
than MWCNTs and graphite microparticles for a wide
variety of compounds because of their graphene sheet
orientation.** Graphene-based nanomaterials have
also attracted attention for electrochemistry applica-
tions, including energy storage and sensing.®> %’
Shang et al. reported a novel microwave plasma-
enhanced chemical vapor deposition strategy to grow
multilayer graphene films for biosensing.%® Zhou et al.
proposed a chemically reduced graphene-oxide-mod-
ified glassy carbon electrode as an electrochemical
sensing and biosensing platform.®® Wang et al. applied
a graphene-modified electrode for the selective detec-
tion of DA.”® Lim et al. found that anodized epitaxial
graphene is a superior electroanalytical platform for a
wide range of biomolecules.”" Kim et al. synthesized a
graphene-modified electrode for the selective detec-
tion of DA.”2 Sun et al. reported that a Pt—graphene
composite has a better oxidation current for AA, DA,
and UA than graphene in electrochemical measure-
ments.”® Except for the enhanced electrochemical Li
storage of GNRs,’*”> there has been little research
performed on the electrochemistry of GNRs. Herein,
we present the simultaneous electrochemical detec-
tion of three analytes using graphene oxide nanorib-
bons (GONRs) fabricated by the microwave-assisted
facile unzipping of MWCNTs. To gain insight into the
intrinsic relationship between the electronic structure
and performance of this novel core/shell structure, we
performed spectromicroscopic studies using scanning
transmission X-ray microscopy, which has been widely
validated in the study of single nanostructures. Indeed,
the electronic structure of a single MWCNT/GONR core/
shell was elucidated by C K-edge X-ray absorption
near-edge structure spectroscopy.

RESULTS AND DISCUSSION

Figure 1 shows transmission electron microscopy
(TEM) images of the power-dependent morphological
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Figure 1. Transmission electron microscopy images of

(a) a single as-received multiwalled carbon nanotube and
graphene oxide nanoribbons derived from unzipping by
treatment with H,SO, + H3PO, with dissolved KMnO, under
microwave powers of (b) 150 W, (c) 200 W, and (d) 250 W
applied for 4 min.

evolution of the tube-to-ribbon transformation. The
stepwise opening of MWCNTSs to form nanoribbons is
depicted after treatment under different microwave
powers from 150 to 250 W at a constant time of 4 min.
During the reaction at the lowest microwave power
(150 W), as shown in Figure 1b, the unzipping started at
one side wall of the nanotube to form a thinner
graphene wing than that of the as-received nanotube
shown in Figure 1a. For the reaction at 200 W, Figure 1c
illustrates that graphene sheet structures were found
on both sides of the nanotubes, whereas the central
cores of nanotubes remained slightly dark and tube-
like. This type of core—shell heterostructure is termed a
MWCNT/GONR nanomaterial. When using the highest
microwave power (250 W), a totally flat graphene
structure was obtained, as shown in Figure 1d. In
their perspectives article, Vazquez and Prato reviewed
the mechanism of the carbon nanotube—microwave
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interaction.® A simple model was proposed to explain
the microwave-induced heating of CNTs through the
transformation of electromagnetic energy into me-
chanical vibrations. Within this model, CNTs subjected
to microwave radiation undergo ultraheating because
of a transverse parametric resonance that arises from
the polarization of CNTs in the microwave field.
In addition to TEM, all samples were also analyzed
by Raman spectroscopy. In Figure S1 (Supporting In-
formation), the D band, G band, and 2D band are
identified for all samples. With an increase in micro-
wave power, the Ip/Ig ratios of GONRs were found to be
higher than those of MWCNTSs, indicating a decrease in
the size of the sp*-hybridized carbon domain during
the unzipping process. The reduction of GONRs was
also performed by annealing in a tube furnace with H,
flowing for 1 h. Selected samples were characterized
using Fourier transform infrared (FTIR) spectroscopy. In
Figure S2, the postreduction GNRs are characterized by
the almost complete elimination of the COO—H/O—H
stretching region (~3600—2800 cm™', gray region),
which implies a decrease in the number of carboxyl
and hydroxyl functional groups because of the reduc-
tion procedure.

The above-mentioned products were used to mod-
ify glassy carbon (GC) electrodes to detect AA, DA, and
UA electrochemically using cyclic voltammetry (CV)
and differential pulse voltammetry (DPV). Figure 2a—c
shows the cyclic voltammograms of various modified
GC electrodes produced when sensing T mM AA, DA,
and UA, respectively. Combined with the results shown
in Figure S3 and Table S1, these results indicate that the
GONR derived from the reaction with a microwave
power of 200 W, GONR(200 W), outperforms all of the
other electrode materials in terms of the peak currents
in the CV curves. The GONR(200 W) has the core—shell
MWCNT/GONR heterostructure mentioned above. For
the detection of AA, the peak current of a GONR(200 W)/
GC electrode can reach 127.8 uA with a lower peak
potential than that of the other materials, indicating
better peak separation. For the detection of DA and UA,
the peak currents of GONR(200 W) in Figure 2b,c are
455.1 and 475.6 uA, respectively, which are 10 times
higher than those of the MWCNTSs. It has been found
that the open ends of MWCNTs generated by acid
treatments can provide higher electrochemical reac-
tivities than those of MWCNTs with closed ends.”® A
considerable body of literature also assumes that the
CNT side wall is inert and that edge-plane graphite-like
open ends and defect sites are responsible for the
observed electron transfer activity.>® Therefore, it has
been suggested that many dangling bonds on the
edges of the GONRs may be responsible for the
enhanced electrochemical sensing after the unzipping
process. On the one hand, GONRs exhibit longer edge-
plane structures along the long axis than MWCNTs. On
the other hand, GONRs have narrower widths and thus
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Figure 2. Cyclic voltammograms of GONR(200 W)-, gra-
phene-, and MWCNT-modified GC electrodes and the bare
GC electrode in 0.1 M PBS (pH 7.0) containing (a) 1 mM AA,
(b) 1 mM DA, and (c) 1 mM UA at a scan rate of 50 mV s~ .
(d) Differential pulse voltammetry curve of a GONR(200 W)/GC
electrode in a solution containing 0.33 mM AA + 0.033 mM
UA + 0.033 mM DA.

more area-normalized edge-plane structures than gra-
phene. It has been demonstrated that the restaking
problem of graphene can be solved by adding carbon
nanotubes between flat graphene sheets.”” In the
core—shell MWCNT/GONR heterostructure, that is,
GONR(200 W), the nonflat cross section of the central
MWCNT would also prevent the restaking problem.
Therefore, it has been proposed that the central
MWOCNT core provides a path for rapid electron trans-
port, whereas the outer GONR shell offers many active
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sites for fast electrochemical reactions. Furthermore,
the electrochemical behavior of a GONR(200 W)/GC
electrode in a solution containing a mixture of the
three analytes was studied. Figure 2d shows the DPV
curve of a GONR(200 W)/GC electrode in a solution of
0.33 mM AA + 0.033 mM DA + 0.033 mM UA. The
voltammetric peak separations of AA—DA and DA—UA
are 229.9 and 126.7 mV, respectively, which are com-
parable to those of a graphene/Pt GC electrode.”® We
also used a GONR(200 W)/GC electrode to detect DA
with 0.5 mM AA and 0.005 mM UA using differential
pulse voltammetry. In Figure S5a, the oxidation current
of DA increases with an increase in the DA concentra-
tion. When the concentration of DA is greater than
100 uM, the oxidation current increases slowly. In
contrast, as shown in Figure S5b, the DA oxidation
current is linearly proportional to its concentration in
the low concentration range, from 0.5 to 50 M. Figure S6
shows that there are two different slopes in the plot of
current versus concentration, and the linear regression
equations for the two different regions are also given.
In the low-concentration range, the steep slope corre-
sponds to the high sensitivity of the GONR(200 W)/GC
electrode for the detection of DA. Compared with
the data from the literature presented in Table S2,
the dynamic range and detection limit using a GONR-
(200 W)/GC electrode without further modification are
comparable to those of other nanocarbon-modified
GC electrodes found in the literature.

The amperometric responses of the GONR(200 W)-
modified GC electrode to AA, DA, and UA are depicted
in Figure 3. After adding analyte solutions with differ-
ent concentrations into a stirred 0.10 M phosphate
buffer solution (PBS, pH 7.0) containing 0.1 M KCl, the
oxidation currents of specific analytes were monitored
at a fixed potential. The corresponding plots of the
currents and analyte concentrations are summarized in
Figure S4. From the amperometric curve for sensing AA
in Figure 3a, the linear relationship between the oxida-
tion current and the AA concentration was obtained for
concentrations ranging from 0.1 to 8.5 uM. As indi-
cated in Table S3, the linear regression equation is
given by /aa = 0.1188 + 0.2938Caa, With a correlation
coefficient of r = 0.9824 (N = 3). The detection limit of
AA using a GONR(200 W)/GC electrode was found to be
0.06 uM. Figure 3b shows a typical amperogram of a
GONR(200 W)/GC electrode obtained at a potential of
+0.2 V for different DA concentrations. The linear
relationship between the current and the concentra-
tion of DA was obtained for the concentration range
of 0.15 to 12.15 uM. The linear regression equation is
Ipa=0.2481 + 0.4694Cpa, with a correlation coefficient
of r = 0.9989 (N = 3). The detection limit for DA was
found to be 0.08 uM. Similarly, Figure 3c illustrates
the amperogram for UA at a potential of +0.3 V. The
linear relationship of UA was determined for UA con-
centrations ranging from 0.15 to 11.4 uM. The linear
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Figure 3. Amperometric responses of a GONR(200 W)-
modified GC electrode after the subsequent addition of
(a) AA (0.0 V), (b) DA (0.2 V), and (c) UA (0.3 V) ina 0.1 M PBS
solution. Inset: corresponding calibration curves of

(@) 0.10 uM AA, (b) 0.15 uM DA, and (c) 0.15 M UA.

regression equation is Iya = —0.0023 + 0.2154Cya, With
a correlation coefficient of r = 0.9979 (N = 3). The
detection limit of UA was found to be 0.07 uM. The
insets in Figure 3 are the calibration curves for 0.10 uM
AA, 0.15 uM DA, and 0.15 uM UA. All of the analytical
parameters for Figure S4 are summarized in Table S3.In
Tables S4 and S5, the data obtained from using a
GONR(200 W)/GC electrode for detection of DA, AA,
and UA by CV and i—t measurements were compared
with those using other electrodes found in the literature.

The electronic structure and morphology of the
MWCNT/GONR heterostructure, that is, GONR(200 W)
prepared from the unzipping of MWCNT, were studied
by X-ray absorption near-edge structure spectroscopy
(XANES) using a scanning transmission X-ray micro-
scope (STXM) at the SM beamline of the Canadian Light
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Figure 4. Quantitative chemical mapping of the MWCNT/GONR heterostructure, i.e., GONRs(200 W). (a) MWCNTs, (b) GONRs,
and (c) color composite map with MWCNTSs (red) and GONRs (blue); the vertical gray scales of (a) and (b) represent sample
thickness in nanometers. (d) C K-edge XANES of GONRs and MWCNTs from each pure region in (c) quantitatively scaled to

absorbance per nanometer.

Source. In STXM, the monochromatic X-ray beam is
focused by a Fresnel zone plate ata 30 nm point on the
sample, and the sample is raster-scanned with the
synchronized detection of transmitted X-rays to gen-
erate image sequences (stacks) over a range of photon
energies across the elemental edges of interest.”®
XANES nanospectroscopic data can be obtained from
any physical location on the image stacks, from a single
pixel to a desired area of the specimen of interest,
and chemical mapping can be derived by fitting the
X-ray absorption at each pixel of the image stacks to a
combination of reference XANES spectra of pure ma-
terials. With the reference spectra quantitatively scaled
to absorbance per nanometer of thickness, quantita-
tive chemical mapping in terms of sample thickness
can be obtained.”*®° Figure 4a—c presents the quanti-
tative chemical mapping of several individual MWCNT/
GONR heterostructures, which clearly show the distri-
bution of STXM-determined material thickness and the
core/shell structure in the color composite image.
From the chemical mapping, pure regions of both
GONR and MWCNT were identified, and the electronic
structure of pure GONR was studied by C K-edge
XANES and compared to that of pure MWCNT in
Figure 4d. The transitions at 285.3 and 291.7 eV are C
1s transitions to C 2p projected 7* and o*, respectively.
The presence of these features in both GONRs and
MWCNTSs provides strong evidence for the existence
of an sp? carbon network. Relative to MWCNTSs, the
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decrease of s* in GONRs is attributable to the flat
nature of GONRs, which is due to the opening of the
MWCNTs, and the flat region is not selected by an in-
plane polarized X-ray.2" The peak at 288.5 eV in GONRs
and MWCNTs is attributed to oxygen functional groups
(most likely carboxylic groups). This peak in both the
GONRs and MWCNTs that was studied in this work was
much stronger than in naturally prepared CNTs and
graphene,”?®" indicating that the samples were sub-
stantially oxidized, which partly accounts for the en-
hanced catalytic performance. A small peak at 283.7 eV
just before 1* was observed in the GONRs, which is a
sign of structural defects. This transition was absent in
the MWCNTs. More interestingly, even though the
structural defects were evident, as indicated by this
peak and the carboxylic functional groups in the
GONREs, its o* transitions (at 291.7 and 292.7 eV) were
well resolved; this observation strongly suggests the
presence of a well-organized sp® carbon network.®’
Thus, it is plausible that these structural defects are
predominately located along the edge of the GONRs,
while the interior of the GONRs has a sp” carbon
network close to that of a perfect graphene sheet.
Such morphology has significant implications on the
outstanding electrochemical performance observed in
this study. Furthermore, GONRs present a much higher
unoccupied density of states than do MWCNTSs; there-
fore, their relative electrochemical performance should
be affected by this property.?’
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CONCLUSIONS

In summary, a unique microwave-assisted unzipping
process has been reported for the synthesis of GONRs.
The reaction time of this microwave process was very
short compared with that reported in the literature.2' %3
The power-dependent GONR structures created
from the unzipping of MWCNTs were characterized
and used for the detection of AA, DA, and UA. The
optimal microwave power and the resulting core—
shell MWCNT/GONR heterostructure provide superior
oxidation currents for the three analytes compared
with those of MWCNTs and graphene. The electronic

METHODS

Chemicals. MWCNTs were used as received from Mitsui & Co.
(product name, NCT tube; diameter = 40—90 nm; length = >10 um).
Sulfuric acid (H,SO,), phosphoric acid (HsPO,), and potassium
permanganate (KMnO,) were purchased from J.T.Baker. Nafion
(DuPont, 5 wt %) was used to generate the ink. AA, DA, and UA
were obtained from Sigma. All solutions were prepared with
deionized water with a resistivity of 18 MQ/cm. Graphene oxide
powders were prepared following Staudenmaier's method and
reduced to graphene powders by annealing at 1050 °Cunder an
argon atmosphere 883

Microwave-Assisted Synthesis of GONR. MWCNTs (0.05 g) were
suspended in 9:1 H,S0,4/H3PO, and treated with a microwave
reactor (CEM-Discover) with the power set between 150 and
250 W for 2 min. After the addition of KMnO, (0.25 g) to the
solutions,?'*? the solutions were treated with the same micro-
wave power at 65 °C for 4 min. In 2010, Higginbotham et al.
reported an improved method for the production of GONRs via
the unzipping process.?> This new, optimized method, which
introduces a second, weaker acid such as H3PO, into the system,
improves the selectivity of the oxidative unzipping, presumably
by the in situ protection of the vicinal diols formed on the basal
plane of graphene during oxidation and thereby prevents their
overoxidation and subsequent hole generation. The solutions
were filtered through a Millipore membrane (0.1 um pore size),
and the solid products were washed with water several times.

Material Characterization. Transmission electron microscopy
(JEOL JEM-1230, 100 kV) was used to characterize sample
morphologies. Confocal micro-Raman spectroscopy (Jobin-
Yvon LabRAM HR800) was used to analyze the samples at a
laser wavelength of 633 nm. Fourier transform infrared (FTIR)
spectroscopy was performed using an FTIR (Bruker, Tensor 27)
spectrometer.

Preparation of Modified Electrodes. The different powders (6 mg)
were mixed with deionized water (3 mL), ethanol (2 mL), and
Nafion (60 uL) and then ultrasonically treated to form the inks.
Approximately 10 uL of each ink was dropped onto a clean GC
electrode and dried at room temperature to form the modified
GC electrodes.

Electrochemical Measurements. Electrochemical experiments
were performed with a CHI 7031D electrochemical workstation
(CHI, USA). A standard three-electrode cell was used for the
electrochemical experiments. A 5 mm diameter GC was used as
the working electrode (working area of 0.19625 cm?). A silver/
silver chloride (Ag/AgCl) electrode and a platinum (Pt) electrode
were used as the reference and the counter electrodes, respec-
tively. All potentials in this study are reported with respect to the
Ag/AgCl electrode. The measurements were performed in a
phosphate buffer solution (PBS) with 0.1 M KCl at a pH of 7.0 at
room temperature.

Scanning Transmission X-ray Microscope Measurements and X-ray
Absorption Near-Edge Structure Spectroscopy. A powder sample was
dispersed in alcohol before deposition on a SisN, window for
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structure of the MWCNT/GONR heterostructure re-
vealed by STXM and XANES strongly suggests that
the high density of unoccupied electronic states above
the Fermi level as well as the enriched oxygen-based
functionality at the edge of the graphene-like frame-
work could be responsible for its extraordinary electro-
chemical properties. It is believed that this proposed
process can be used for the large-scale and efficient
production of GONRs. Additionally, on the basis of
the electrochemical measurements, the core—shell
MWCNT/GONR heterostructure exhibits a great degree
of potential for use as a novel biosensing platform.

STXM measurement. The STXM measurement was conducted
using the STXM at the SM beamline of the Canadian Light
Source (CLS), a 2.9 GeV third-generation synchrotron facility. A
25 nm outermost-zone zone plate (CXRO, Berkeley Lab) was
used, which provides a spatial resolution of 30 nm. A circularly
polarized soft X-ray beam generated from the SM elliptically
polarized undulator (EPU) was used to average out the in-plane
polarization dependence of the sample. The C K-edge image
sequence (stack) covered an energy range of 280—320 eV, with
energy steps as fine as 0.1 eV around the XANES peaks, and an
energy range of 0.4—1.0 eV in the pre-edge and continuum. The
image pixel size was 25 nm, with a 1 ms dwell time per pixel.
STXM data were analyzed with aXis2000 (available free at http://
unicorn.mcmaster.ca/aXis2000.html). XANES reference spectra
of GONRs and MWCNTs were extracted from each pure region
in the C K-edge image stack, and they were then quantitatively
scaled to the elemental X-ray absorption profiles of graphite
(density = 2.16 g/cm?, 1 nm thick) and CNTs (density = 1.8 g/cm?,
1 nm thick) in the pre-edge and the post-edge, respectively.
Quantitative chemical mapping was performed by fitting the
C K-edge image stack to the reference spectra of GONRs and
MWCNTSs. Finally, a color composite map was created by
combining individual component maps with the image inten-
sity rescaled for better visualization.
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