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ABSTRACT: This paper presents a scalable method of developing ultrasensitive electrochemical biosensors. This is achieved by
maximizing sensor conductivity through graphene wrapping of carbonized electrospun nanofibers. The effectiveness of the graphene
wrap was determined visually by scanning electron microscopy and chemically by Fourier transform infrared spectroscopy, Raman
spectroscopy, and X-ray diffraction. The sensing performance of different electrode samples was electrochemically characterized
using cyclic voltammetry and electrochemical impedance spectroscopy, with the graphene-wrapped carbonized nanofiber electrode
showing significantly improved performance. The graphene-wrapped carbonized nanofibers exhibited a relative conductivity of ∼14
times and an electroactive surface area of ∼2 times greater compared to the bare screen-printed carbon electrode despite
experiencing inhibitive effects from the carbon glue used to bind the samples to the electrode. The results indicate potential for a
highly conductive, inert sensing platform.

1. INTRODUCTION

The development of reliable, robust, ultrasensitive, and low-
cost biosensors provides opportunities for point-of-care
monitoring of treatment and better disease screening on a
large scale. One method of fabricating such sensors is through
nanotechnology, offering two fundamental advantages. First,
shrinking down to nanoscale dimensions offers logistical
improvements: a decrease in the amount of analyte required,
a decrease in device size for portability, and a lower cost of
mass production, while increasing the detector sensitivity.1

Second, when approaching single-digit nanometer dimensions,
the properties of matter begin to differ significantly with
quantum-scale effects playing an important role.2 By leveraging
unique phenomena that only occur at nanoscale dimensions,
nanotechnology can be used to design, manipulate, and control
the responses and functionalities of different structures or
particles.
Currently, there are many potential nanomaterials for

medical applications. For example, nanoparticles can be
employed for drug delivery to specific types of cells to reduce

damage to healthy cells in the body.3 Functionalized nanorods
can be inserted into the bloodstream, providing early disease
diagnosis.1 However, carbon nanofiber (CNF)-based materials
are easy to functionalize to extend the CNF-based composite
nanomaterials for applications including biosensors,4 drug
delivery,5 anti-microbial materials,6 and bone tissue engineer-
ing.7

One-dimensional CNFs have attracted growing attention
particularly in the field of electrochemistry. CNFs exhibit many
excellent characteristics such as extremely large surface areas,
good electrical conductivity, structural stability, and robust
mechanical strength and flexibility,8 thus making CNFs
exceptional candidates for electrode materials and catalyst
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substrates.9 Electrospinning offers a facile, low-cost, scalable,
and highly controllable technique to synthesize CNFs with
tunable nanostructures.10,11 Although the electrical conductiv-
ity of CNFs is relatively high, it is still lower in comparison
with those of graphene or carbon nanotubes owing to the
incomplete graphitization and the lower specific surface area
than graphene and carbon nanotubes.12 Therefore, it is
important to develop porous CNF structures with improved
surface areas to further enhance the conductivity of CNFs.
Graphene, on the other hand, is well known for its superior

electrical conductivity. It is constructed by a single layer of sp2

carbon atoms with a hexagonal packed lattice structure.13

Graphene has advantages over other carbon materials
including a high theoretical specific surface area (2630 m2

g−1) and an excellent intrinsic carrier mobility at room
temperature (∼10,000 cm2 V−1 s−1).14 However, irreversible
aggregation of graphene sheets as a result of the strong π−π
stacking and van der Waals interaction15 reduces the large
surface area and catalytic effect of graphene. Furthermore, it is
very challenging to electrospin polymer solutions incorporated
with nanoparticles to achieve an even distribution of the
nanoparticles in the fibers. Due to the solution’s large specific
surface energy, nanoparticles have shown a tendency to
aggregate, resulting in an inhomogeneous distribution of
nanoparticles in the polymer matrix, or even loss of intended
functionality due to the degree of inhomogeneity.16 The
synthesis of graphene-wrapped nanostructures is a novel
technique to overcome the problems of agglomeration.17,18

In our previous work,19 we have reported the efficiency of
carbonized nanofibers with the inclusion of reduced graphene
oxide (rGO) for electrochemical sensing. In the present work,
the fabrication of graphene-wrapped carbonized nanofibers
with a high surface area and superior electrochemical sensing
performance is discussed. The electrospinning technique was
adopted for the synthesis of nanofibers using polyacrylonitrile
(PAN) and poly(acrylic acid) (PAA). It is anticipated that
uniform wrapping of graphene over the CNFs would lead to
efficient charge separation across the interface of CNFs/rGO
and thus enhance the conductivity. An additional benefit is that
the graphene wrap increases the fibers’ mechanical stability for
its exceptional strength.20

2. RESULTS AND DISCUSSION
2.1. Fiber Morphology. To determine the effectiveness of

the electrospinning process, the shape, morphology, size, and
thus quality of the electrospun PAN/PAA nanofibers were
investigated by scanning electron microscopy (SEM) imaging.
Figure 1a shows a typical imaged section of the fibers. The as-
spun fibers were abundant with a smooth surface and randomly
oriented. Fiber thickness measurements on a number of
arbitrarily selected fibers confirmed nanometer dimensions
ranging from 275 to 625 nm. Additionally, SEM images were
obtained to visually assess the effectiveness of graphene
wrapping electrospun and carbonized PAN/PAA nanofibers.
It can be clearly observed that after the graphene wrapping
process, the smooth surface of PAN/PAA nanofibers becomes
wrinkled and rough, as evident in Figure 1b,c. A faint layer of
rGO encapsulating the fibers is visible from the gray-scale
image contrasts. In Figure 1c, the fibers resemble a “yarn” of
fibers. This yarn-like morphology is likely a consequence of the
constant magnetic stirring occurring during the graphene
wrapping procedure. For some sections of the sample where
the fiber density was high, the graphene wrap manifested itself

in the form of agglomerated sheets instead of wrapped fibers,
as seen in Figure 1d.
The carbonized nanofibers shrunk during the stabilization

and carbonization processes as water and solvents evaporated
from the fibers. The degree of weight loss is presented in Table
1. It should be noted that weight loss experiments are difficult

to reproduce with small experimental errors and the results
reported in this paper are from the measurement of a single
sample. Therefore, they represent an initial indication for the
degree of weight loss due to stabilization and carbonization.
During carbonization, the well-defined fibers are grouped to
create less defined but smooth, fiber-like structures, as seen in
Figure 1e. After graphene wrapping, the carbonized fibers
showed a rough, rugged surface texture, indicating that a layer
of graphene was deposited onto the carbonized fibers (Figure
1f).
Finally, focus ion beam-SEM (FIB-SEM) was used to further

evaluate the effectiveness of the graphene wrap by milling the

Figure 1. SEM images of (a) typical electrospun PAN/PAA
nanofibers and (b−f) the graphene wrapping process. (b) Faint
layers of rGO encapsulating fibers. (c) An example of a graphene-
wrapped “yarn” of fibers, which is most likely a consequence of the
constant stirring required in the graphene wrapping method. (d) The
graphene wrap is agglomerated as sheets instead of encapsulating
individual fibers in areas of a high fiber density. (e) Smooth nanofiber
morphology after carbonization. (f) Surface texture of the graphene-
wrapped carbonized nanofibers.

Table 1. Weight Loss Experienced by the Electrospun
Nanofibers during the Stabilization and Carbonization
Processes

before
stabilization

after
stabilization

after
carbonization

fiber weight (milligrams) 68.8 63.9 25.9
percentage of the original
weight

100% 92.9% 37.6%
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fibers and then inspecting their cross-sections. The images
presented in Figures 2 and S2 further suggest that the graphene

wrapping method was successful. However, the rGO structures
appear to be hollow. This could be attributed to the focused
ion beam milling of the sample with energy high enough to
melt the polymer fibers, coupled with the fact that polymers
have low melting points. rGO would not naturally create
hollow structures, implying that there must have been
nanofibers inside them during the creation of the structures.
Additionally, the images suggest that the graphene wrapping
process is uniform and continuous.
2.2. Fourier Transform Infrared Spectroscopy. Figure

3 presents the Fourier transform infrared (FTIR) spectra for
the nanofibers, which were wrapped in graphene after
electrospinning. As the layer of the graphene wrap is only
around 5 nm thick, the contributions from the underlying
polymer backbones of the fibers should also be visible in the
FTIR spectrum.20 The presence of the characteristic peaks at
2950−2850, 2239, 1716, 1226, and 1254 cm−1 is attributed to
the C−H, CN, CO, C−OH, and C−C stretching
vibrations of the PAN/PAA polymer blend, respectively,

implying that the underlying polymer backbone was synthe-
sized successfully through electrospinning.21 More importantly,
the presence of CC (1450 cm−1) and C−O (1060 cm−1)
bonds suggests a successful graphene wrap22 as these bonds do
not normally appear in the spectrum for untreated fibers.

2.3. X-ray Diffraction. The GW and GW + CB samples
were characterized by X-ray diffraction (XRD) over an angle
range of 5−50°, in which a visible peak can be expected. Figure
4 shows the obtained XRD patterns. Both spectra appear very
similar, with both samples showing a diffraction peak at an
angle just above 25°. This is in accordance with the expected
rGO peak at 25.5° (JCPDS no. 01-0646).23 Therefore, XRD
analysis suggests that the samples are wrapped in rGO.
The intensities of the rGO peaks in the spectrums are 2295

and 1724 counts for the GW + CB and CB samples,
respectively. This noticeable difference is indicative of the
quality of the graphene wrap. The graphene wrap appears to
have adhered better to the chemical structure of the carbonized
fibers than to the untreated fibers. These chemical character-
ization results provide further evidence for the success of the
graphene wrapping method.

2.4. Raman Spectroscopy. From the obtained base-lined
and smoothed spectrum presented in Figure 5, three peaks can
be observed: two strong peaks at 1325 and 1602 cm−1 and one
weak broad peak at 2628 cm−1. These correspond to the so-
called D, G, and 2D peaks, respectively, and are characteristic
of sp2-hybridized carbon materials.24 The D peak relates to the
disorder and defects in the structure of the carbon system,
while the G peak arises due to C−C bond stretching. An
intense 2D peak is commonly seen in graphene materials and
typically reduces in intensity as the number of layers of
graphene increases. In this Raman spectrum, the 2D peak is
very weak compared to the D and G peaks. This low 2D peak
intensity might suggest the presence of a large number of
defects in the structure and probably a large amount of lattice
distortion. This can cause a reduction in the intensity of the
defect-sensitive 2D peak.25 Further, the reduction level of
graphene oxide (GO) might be low.

Figure 2. FIB-SEM imaging of the graphene wrapping process. The
graphene structures appear to be hollow since no polymer fibers can
be seen. The polymer fibers could have melted from the high energy
of the ion beam.

Figure 3. Annotated FTIR spectrum of the graphene-wrapped electrospun nanofibers. The presence of C−H, CN, CO, CC, C−OH, C−C,
and C−O bonds can be identified. The CC and C−O bonds (red) are attributable to the graphene wrap, while the rest (blue) are attributable to
the PAN and PAA polymers of the nanofibers.
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One key point to consider for this Raman data is that even if
the original GO system is dominated by fully disordered sp2

bonds, upon successful reduction to rGO, a change should be
observed in the 2D peak with an increase in intensity and a
potential splitting of the 2500−3000 cm−1 region into multiple
peaks.26,27 Since the 2D peak is not intense enough to be
clearly defined in the current spectrum, the data suggest that
the GO present in the analyzed sample was not fully reduced.
This would lead to poor electrical conductivity of the graphene
in the material.
2.5. Electrochemical Measurements. 2.5.1. Cyclic Vol-

tammetry. In the electrochemistry process, cyclic voltammetry
(CV) is an important analytical technique used to determine
the nature of electrode reactions. To compare the electro-
chemical performances of all the fabricated electrodes, CV
measurements were made with 2 and 10 mM K4Fe(CN)6
solutions, setting the scan rates as 0.02, 0.04, 0.06, 0.08, 0.1,
and 0.2 V s−1. While typical CV curves for the bare electrode
and solution used for these experiments are expected to show
clear redox peaks and would resemble the characteristic duck-

shaped curve often referenced as the standard response for CV,
the response curves observed for all the modified electrodes
showed varying degrees of deviation from the response.
The redox current responses of the different electrode

samples in K4Fe(CN)6 show reversible redox reactions with
well-defined oxidation and reduction peaks at 2 mM
K4Fe(CN)6 solution concentrations, as presented in Figure 6.
In the case of a screen-printed carbon electrode (SPCE)
modified with conductive carbon glue, the lack of defined
peaks in the CV curve indicates that the electron-transfer
kinetics was rather slow during the redox reactions of
[Fe(CN)6]

3−/4− in comparison with the unmodified bare
SPCE which is used as the reference (control sample). The
glue layer appears to have an inhibitive effect on the redox
reaction, therefore distorting the shape of the curve. This effect
is ascribed to carbon glue being a medium with relatively low
conductivity. In this study, carbon glue was used as the binding
agent between the various nanofiber samples and the SPCEs;
thus, all the fabricated electrodes will experience the same
inhibitive effect. SPCE with carbonized nanofibers demon-

Figure 4. XRD spectra of the graphene-wrapped (red) and graphene-wrapped + carbonized (black) nanofibers.

Figure 5. Raman spectrum of rGO-wrapped PAN/PAA electrospun fibers.
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strated enhanced performance, indicating that the carbonized
nanofibers are able to compensate for and moreover increase
the redox reactivity of the electrode despite the inhibitive
effects from the conductive glue.
Surprisingly, SPCE fabricated with GW non-carbonized

nanofibers showed a very weak current. While SEM imaging
suggested that uniform graphene wrapping had been achieved,
the recorded current readings suggest that the GW coverage
has discontinuities. Besides offering a higher degree of
mechanical stability for the PAN/PAA nanostructures, another
critical role of graphene was to enhance the conductivity of the
electrode. The combined GW PAN/PAA structures would
ideally provide low loss media, coupling a transition from the
monolithic carbon electrode surface of the electrode into a
high surface-area network of fibers. From observing the
response curve of the GW sample, it is safe to assume that
the GW method does not result in perfect coverage, likely due

to the presence of several breaks and fissures along with the
wrapping. Given that the electrospun PAN/PAA nanofibers are
poor electrical conductors, the presence of fissures and breaks
in the GW surfaces explains why the current on the GW
electrode is weak. However, for the GW + CB electrode, the
fibers are much more conductive due to their high carbon
content and therefore are able to transmit the current past
points of discontinuities with more ease. As seen in Figure 6,
the GW + CB electrode experienced a higher current level than
the CB electrode. However, the measurements at a 10 mM
solution concentration showed significant deviations in the
redox reactions and a slightly lower current than was measured
with the carbonized electrodes (see Figure S3 in Supporting
Information). These observations indicate that the graphene
wrap does increase conductivity under certain conditions
despite being discontinuous and that the electrode con-
ductivity is also dependent on the material being graphene-

Figure 6. Cyclic voltammograms (0.04 V s−1 scan rate) of the five electrode samples tested: bare (blue), glue (purple), graphene-wrapped (green),
carbonized (black), and graphene-wrapped and carbonized (red) in 2 mM K4Fe(CN)6. SPCE fabricated with graphene-wrapped carbonized
nanofibers exhibited the highest current redox response, showing the significance of carbonization and graphene wrapping in increasing the
electron-transfer kinetics.

Figure 7. Peak currents and ESAs of the five electrode samples tested: bare, glue, graphene-wrapped, carbonized, graphene-wrapped, and
carbonized.
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wrapped. This is in agreement with the observations from XRD
analysis.
Once the peak currents for each electrode are extracted, the

Randles−Sevcik equation (eq 1) can be used to solve for the
electroactive surface area (ESA) of the effective electrodes

= i
k
jjj

y
{
zzzi nFAC

nFvD
RT

0.4463p

1/2

(1)

where ip = peak current (A), n = number of electrons
transferred in the redox reactions, F = Faraday constant (C
mol−1), A = electrode area (cm2), C = concentration (mol
cm−3), v = scan rate (V s−1), D = diffusion coefficient (cm2

s−1), R = gas constant (J K−1 mol−1), and T = temperature (K).
By approximating the room temperature to be 25 °C (298

K), the Randles−Sevcik equation can be simplified to eq 2

=i n AD Cv268, 600p
3/2 1/2 1/2

(2)

The peak currents (measured as triplicates) and ESAs of the
different electrode samples are presented in Figure 7.
It can be seen that the GW + CB and CB electrodes have

larger ESAs than the bare electrode. The CB electrode
exhibited the largest ESAs and the highest current levels. This
could be explained by the carbonized nanofibers having the
highest compatibility with the carbon SPCE surface. The
carbon working electrode (WE) of the SPCE and the high
carbon content of the carbonized nanofibers are structurally
the most similar and matched. Any interfacing of materials
results in some loss of function. Matching two very similar
materials together minimizes this functional loss. Additionally,
the glue electrode has the lowest current levels. This confirms
that carbon glue has an inhibitive effect on the redox reactions.
Based on the CV analysis, the CB and GW + CB electrodes

appear to be the best candidates for sensing applications. They
both significantly exceeded the bare electrode ESA despite
experiencing the inhibitive effect of carbon glue. The CB and
GW + CB electrodes had ESAs of 2.64 and 2.10 times that of
the bare electrode, respectively.
2.5.2. Electrochemical Impedance Spectroscopy. Electro-

chemical impedance spectroscopy (EIS) characterization was
performed to evaluate the kinetic process of bare SPCE, bare

glue, CB, GW, and the CB + GW electrode in 2 mM
K4Fe(CN)6 solution, and the obtained EIS Nyquist plots for all
five types of electrodes are shown in Figure 8a. The bare
electrode plot resembles the typical shape associated with the
Randles cell model, implying that the behavior of the bare
electrode in the established testing conditions points to having
the reaction being controlled by both the reaction kinetics at
the surface of the electrode and diffusion that takes place
between the depleted microenvironment surrounding the
electrode and the bulk solution used in the experiment, with
the predominance of the effects being dependent on the
frequency of the signal being applied to the cell. Taking the
curve for the bare electrode as a basis for electrode behavior
under an applied family of small AC signals of various
frequencies, the GW + CB electrode and the CB electrode
have lower impedance figures. These curves are shown in red
and black, respectively, in Figure 8b.
These findings suggest that these two samples effectively

reduced the impedance of the electrode, possibly by having
increased the effective area exposed to the electrolyte. These
results are in agreement with the CV measurements, where
GW + CB and CB had the highest current levels in addition to
being the only electrodes capable of exceeding the bare
electrode ESA.
An estimate of relative electrode conductivities can be

obtained by calculating the reciprocals of their semicircle
diameters. It is reported that a smaller diameter of the
semicircle in the high-frequency region of a Nyquist plot
suggests faster electrode reaction kinetics. The semicircular
regions of the GW + CB and CB electrode EIS curves have
diameters of 153.21 and 281.87 Ω, respectively, indicating that
the electrochemical reaction rate was faster on the surface of
the GW + CB electrode where it has a conductivity of ∼1.84
times higher than that of the CB electrode. Additionally, the
GW + CB electrode has a capacitive fit of 0.85 compared to the
CB electrode’s 0.79. The capacitive fit is a semicircular line of
regression, represented by a number between 0 and 1. It
describes how well the regression fits the experimental data
points obtained, with a value of 1 being a perfect fit. The
capacitive fit indicates how close the double-layer charging that
occurs on the surface of the electrode approaches the behavior

Figure 8. EIS Nyquist plots (frequency range 100 kHz to 1 Hz) for the (a) five different electrodes tested and (b) blown-up spectra for the bare,
CB, and GW + CB electrodes.
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of an ideal capacitor. Changes in surface geometry and
composition of the electrode affect the reaction kinetics
occurring on the system, which in turn results in lower values
for the capacitive fit.28 Having an electrode with almost ideal
properties is particularly desirable for a biosensor to prevent
electrode interference with biological processes such as the
activity of immobilized enzymes. The GW + CB electrode has
both a higher conductivity and a higher capacitive fit compared
to the CB electrode, making it the best candidate for a
biosensor electrode material.
The shape of the EIS curve for the CB electrode appears to

display second-order behavior, with the formation of a second
semicircular region. This suggests that an unknown effect
influences the curve. For comparison purposes, the first-order
fit is used and the CB electrode is assumed to be compatible
with the Randles model.
As the GW + CB electrode showed a higher conductivity

and capacitive fit than the CB electrode, it is then compared
with the bare electrode to observe the degree of enhancement
it provides on the SPCE’s sensing performance. The GW + CB
electrode is calculated to have a conductivity 14.36 times
higher than that of the bare electrode (a semicircle diameter of
2200 Ω). The capacitive fit of 0.85 is lower than that of the
bare electrode (0.96) due to the introduction of interfacing but
is still the higher fit-out of the GW + CB and CB electrode
samples. It should be noted that the GW + CB electrode was
attached to the SPCE using carbon glue, which according to
the CV measurements has detrimental effects on the electrode
in the form of redox reaction inhibition and ESA reduction.
Nevertheless, it was able to improve the redox current response
and exhibited a 210% increment of the ESA when compared
with the bare electrode. Therefore, based on the electro-
chemical characterization, the GW + CB electrode shows
promising potential in sensing applications. Despite the
hindrance of carbon glue, the GW + CB electrode was able
to significantly outperform the bare electrode.

3. CONCLUSIONS

This paper presented the development of an efficient
electrochemical sensing nanomaterial, fabricated from electro-
spun PAN/PAA nanofibers. The electrospun nanofibers were
modified through the processes of carbonization and graphene
wrapping in an attempt to maximize their conductivity. The
success of the graphene wrap was characterized by imaging,
chemically, and electrochemically. SEM and FIB-SEM
suggested that the graphene wrapping had been successful
and that it was continuous along the fibers. Chemically, FTIR
and XRD confirmed that the graphene coating was in fact rGO
and that rGO adhered better to carbonized nanofibers than
their untreated counterparts. However, Raman spectroscopy
indicates that the reduction level of GO is low. Electrochemical
results suggest that either the reduction of non-conducting GO
to highly conductive rGO was low or the graphene wrapping
was discontinuous. Nevertheless, the graphene-wrapped and
carbonized electrode outperformed the other electrode
samples in CV and EIS. The graphene-wrapped and
carbonized electrode exhibited a relative conductivity of
14.36 times and an ESA of 2.10 times greater than those of
the bare screen-printed electrode despite experiencing
inhibitive effects from carbon glue. The graphene-wrapped
and carbonized electrode also obtained a capacitive fit of 0.85,
the highest of any of the interfaced electrode samples tested,

suggesting that it would provide a biosensor platform with
behavior closely resembling that of the Randles model.

4. MATERIALS AND METHODS

4.1. Materials. Polymers, PAN (Shandong Jianuofu
Treasure Industrial Co.) and PAA (Sigma-Aldrich) with
weight-average molecular weights (MW) of 150,000 and
450,000 g·mol−1, respectively, were used for preparing the
precursor solutions. The polymer−solvent used was N,N-
dimethylformamide (DMF), 99% pure (Alfa Aesar). Toluene
(Fisher Scientific); 3-aminopropyltriethoxysilane (APS), 99%
pure (ACROS Organics); hydrochloric acid (HCl) (Sigma-
Aldrich); hydrazine monohydrate (Fisher Scientific, diluted in
water to 50%); and aqueous GO were used for the graphene
wrapping process. Potassium hexacyanoferrate(II) [K4Fe-
(CN)6] (Sigma-Aldrich), sodium phosphate buffer (PBS),
and potassium chloride (KCl) (extra pure, ACROS Organics)
were used for the electrochemical characterization. Three-
electrode SPCEs (Metrohm Dropsens, DRP C110) comprising
a 4 mm diameter circle WE, a counter electrode, and a Ag
reference electrode were used for attaching the nanofibers to
the WE, with conductive carbon glue (Pelco).

4.2. Electrospinning Solutions and Apparatus. The
precursor solutions were prepared by dissolving PAN (12 wt
%) or PAA (12 wt %) in DMF. The PAN solution was stirred
(700 rpm) at 80 °C for 3 h, while the PAA solution was stirred
(700 rpm) overnight at 150 °C. The two prepared solutions
were mixed at a 7:1 PAN/PAA w/w ratio and stirred at 180 °C
for 15−20 min to prepare the master solution for electro-
spinning.
The homebuilt nozzle-free electrospinning setup consisted

of a motorized rotating solid stainless-steel electrode (electro-
spinning electrode) rotating at 5 rpm inside a Teflon bath,
where the PAN/PAA solution was poured, and a rotating
aluminum collector (collector electrode, rotating at 500 rpm).
The working distance between the electrospinning electrode
and the collector electrode was 150 mm. A potential difference
of 60 kV DC was applied between the two rotating electrodes
(+30 kV on the electrospinning electrode inside the Teflon
bath and −30 kV on the collector electrode). Aluminum foil
was used to collect the fibers. All electrospinning was carried
out under ambient conditions at a humidity level of 20%,
which was reached by introducing nitrogen gas into the
chamber. Figure 9 shows a schematic layout of the used nozzle-
free electrospinning setup with the applied process parameters.

4.3. Stabilization and Carbonization Process and
Apparatus. Both stabilization and carbonization processes
were performed using a horizontal tube furnace with metal

Figure 9. Schematics of the nozzle-free electrospinning setup.
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seals (OTF-1200X, MTI Corporation, an ∼2 in. outer
diameter, an ∼510 mm length quartz tube, the Fe−Cr−Al
alloy doped by the Mo heating element) and with control over
temperature, time, heating/cooling rates, and the gas
atmosphere. The electrospun PAN/PAA precursor nanofibers
were inserted into the reaction zone of the tube furnace, and
stabilization was performed at 200 °C with a heating rate of 10
°C min−1 using an airflow rate of 70 mL min−1. The samples
were then maintained at the final temperature for 30 min. The
samples were cooled and weighed. Prior to the carbonization
process, the tube of the furnace was purged with nitrogen gas
for 15 min to remove any O2. The stabilized samples were
heated from room temperature to 750 °C, with a heating rate
of 10 °C min−1 using N2 (a flow rate of 70 mL min−1) as the
purge gas. Upon reaching the final temperature, the samples
were held for 60 min prior to cooling down to room
temperature. The weight of the PAN/PAA fibers was weighed.
4.4. Graphene Wrapping Process. To improve the

conductivity and mechanical stability of the electrospun
nanofibers, a three-step, graphene wrapping procedure has
been adopted from Shin et al.20 The nanofibers were initially
mixed with 50 mL of toluene and 1 mL of APS and refluxed
under a nitrogen atmosphere for 24 h (see Figure S1 in the
Supporting Information). Functionalization with APS creates
positively charged amine groups on the surface of the fibers.
The fibers were then rinsed with water in preparation for the
next step.
The functionalized fibers were then placed in an aqueous

GO solution and stirred for 1 h. The pH of the solution was
adjusted to 4 by the addition of hydrochloric acid to maximize
the zeta potential difference between the APS-functionalized
fibers and GO. Under these conditions, amine groups on the
fiber surfaces are protonated (to −NH3

+), and hydroxyl and
carboxylic acid groups on GO are ionized (to −O− and
−COO−, respectively). Next, the GO solution was diluted to
0.26 mg mL−1, an optimum condition for the best wrapping
conditions.20

Finally, 1 mL of hydrazine monohydrate was added to the
GO solution to reduce GO. The solution was heated to 80 °C
and stirred for 3 h. After heating and stirring, the graphene-
wrapped fibers were filtered and cooled to room temperature.
4.5. Scanning Electron Microscopy and Focus Ion

Beam Milling. The electrospun PAN/PAA fibers were
imaged with a scanning electron microscope (JSM-IT100,
JEOL Ltd.) using a 15 kV accelerating voltage. Additionally,
fibers were milled and then imaged with dual-beam FIB-SEM
(Zeiss Crossbeam 550). Rough milling was carried out at 30
kV with a beam current of 3 nA before polishing using 1.5 nA.
SEM images were obtained using drift-compensated frame
integration at 2.5 kV using a beam current of 150 pA. The
charge compensator was used to reduce charge buildup during
imaging.
4.6. Fourier Transform Infrared Spectroscopy. The

chemical composition of the graphene-wrapped PAN/PAA
fibers was determined by FTIR (Haake Mars 60, Rheonaut).
The FTIR spectra were recorded between 4000 and 400 cm−1.
4.7. X-ray Diffraction. Electrospun and carbonized,

graphene-wrapped PAN/PAA fibers were characterized using
XRD (Bruker D2) with a Cu Kα radiation over an angle
ranging from 5 to 50°. GO and rGO are known to have XRD
peaks at 11.8 and 25.5°, respectively.23

4.8. Raman Spectroscopy. Raman spectroscopy (InVia
Raman, Renishaw, UK) was used to conduct molecular

analysis of rGO-wrapped fibers. A 785 nm, 300 mW laser
was used with a ×50 objective. The exposure time was set at 10
s with a recording range of 500−3200 cm−1. Spectra were
baseline-corrected and smoothed using MATLAB.

4.9. Electrochemical Measurements. The electrochem-
ical characteristics of the modified SPCEs were measured by
CV using a potentiostat controlled by Nova 2.0 software
(Autolab PGSTAT204, Metrohm, Switzerland). Solutions of 2
mM of K4Fe(CN)6 were prepared in 0.1 M potassium chloride
buffer solutions for the CV measurements. Approximately 50
μL of the analyte solution was dropped on top of the sensing
area’s surface, and CV scans were performed as a function of
scan rates (0.02, 0.04, 0.06, 0.08, 0.1, and 0.2 V s−1). The
selected voltage window for K4Fe(CN)6 was −0.4 to +0.8 V.
Additionally, EIS was used to measure the response of the

system to an applied sinusoidal perturbation (Autolab
PGSTAT204, Metrohm, Switzerland). The conductivity of
the nanofibers was determined using the Randles model at
room temperature. Measurements were made on all the
evaluated variations of the electrode with the 50 μL of 2 mM
K4Fe(CN)6 covering the active area. The procedure for
conducting the measurements involved an initial step of
measuring the open-circuit potential of the system, which
allows enough time for the sample and electrolyte to stabilize
and helps the device to determine the fixed DC potential to be
held in the following stages. After determining the DC
potential component to be held by the cell, the device then
proceeds to superpose an AC signal on the system. The signal
was fixed at a value of 10 mVRMS and the frequencies probed
were selected within the range of 1 Hz to 100 kHz as biological
or chemical processes do not entail significant information at
frequencies above 100 kHz.29

For the work presented here, five types of electrodes were
characterized:

1. Bare electrode (SPCE, used as a control);
2. Glue electrode (SPCE with carbon glue, also used as a

control);
3. Graphene-wrapped (GW) as-spun nanofiber electrode

(nanofibers that have been graphene-wrapped are stuck
to the SPCE WE using carbon glue);

4. Carbonized (CB) electrode (nanofibers that have been
carbonized are stuck to the SPCE WE using carbon
glue);

5. Graphene-wrapped and carbonized (GW + CB)
electrode (nanofibers that have been both graphene-
wrapped and carbonized are stuck to the SPCE WE
using carbon glue).
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