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ABSTRACT: Carbon-based sensors for wide-range electro-
chemical detection of redox-active chemical and biological
molecules were fabricated by the electrospinning of poly-
acrylonitrile fibers directly onto a polyacrylonitrile-coated
substrate followed by carbonization at 1200 °C. The resulting
electrospun carbon nanofibers (ECNFs) were firmly attached
to the substrate with good mesh integrity and had high
densities of electronic states (DOS), which was achieved
without need for further modifications or the use of any
additives. The mass of ECNFs deposited, and thus the
electroactive surface area (ESA) of the sensor, was adjusted by
varying the electrospinning deposition time, thereby enabling
the systematic manipulation of the dynamic range of the
sensor. A standard redox probe (Fe(CN)6

3−/4−) was used to demonstrate that the ECNF sensor exhibits strong electrocatalytic
activity without current saturation at high analyte concentrations. Dopamine was used as a model analyte to evaluate the sensor
performance; we find that the ECNF device exhibits a dynamic range ∼105 greater than that of many existing carbon-based
sensors. The ECNF sensors exhibited excellent sensitivity, selectivity, stability, and reproducibility for dopamine detection.
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■ INTRODUCTION

Electrochemical (bio)sensors have many applications in
chemical and biological industries, such as wastewater treat-
ment, bioprocessing, clinical chemistry, and food quality
control.1 Carbon-based materials,2−4 in particular carbon
nanotubes (CNTs)5,6 and graphene,7,8 have attracted wide-
spread attention for electrochemical sensing because of their
adjustable electrocatalytic activities toward various redox-active
species. Considerable effort has been expended to improve the
limit of detection (LOD).1−8 The dynamic range, another
important aspect of sensor performance, is the analyte
concentration range over which the sensor can operate within
acceptable limits of distortion and is ultimately determined by
the system noise at the lower end (i.e., LOD) and by the onset
of signal saturation at the upper end. Broad sensing ranges are
particularly important for detection of undiluted, real-world
samples with a wide range of concentrations, with applications
in pharmaceutical analysis,9 food regulation,10 water monitor-
ing,1 and in vivo measurements in biological media.11−13 To the
best of our knowledge, only one study has focused on the
expansion of the dynamic range of sensors, which used dual-
fluorescence-quenching mechanisms.14 However, this method
cannot be applied generally to redox-active systems with
significance in various chemical industries, such as pharma-
ceutical compounds, toxic metals, pesticides residuals, dye
molecules, and biologically relevant systems (e.g., neuro-

chemicals, proteins, and DNA).1,5,8−10 To date, there is no
study dealing with expanding the dynamic ranges of electro-
chemical sensing devices.
For electrochemical sensors, the electroactive surface area

(ESA) is the key determinant of the upper bound of the
dynamic range. A larger ESA can postpone current saturation to
a higher analyte concentration, leading to an increased upper
limit. Most carbon-based electrochemical sensors possess
inherently narrow dynamic ranges, mainly because of their
limited ESAs. Conventional electrodes such as glassy carbon
(GC), carbon paste electrodes (CPE), and microfabricated
carbon films have nonporous structures and low ESAs.2 It is
possible to increase ESAs to a certain degree by depositing
CNTs or graphene onto flat substrates to create porous
structures. However, as-synthesized CNTs and graphene are
generally small and discontinuous; therefore, proper assembly
methods for the integration process are necessary. Common
assembly strategies include solution casting,15,16 layer-by-layer
assembly,17 sol−gel transition,18 covalent modification,19 and
electrochemical co-deposition.20 However, these methods
generally lead to low loadings of electroactive materials (a
few micrograms per electrode for electrode surface areas of ∼1
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cm2), resulting in limited ESAs of the sensors (∼10−2 cm2).
Moreover, pristine CNTs and graphene need modification to
create linkable groups and/or to generate edge sites for high
electrochemical sensitivity. These modifications make such
processes inefficient, expensive, and difficult to scale up.
Additionally, most fabrication procedures involve the use of
electrochemically inert components such as surfactants and
binders, which may hinder transport of electrons, ions, and
analytes, leading to reduced sensor performance.
Large electroactive surface areas have been generated

effectively through the treatment of carbon fibers with high
anodic currents or potentials.21,22 Alternatively, our work
focuses on use of electrospinning and subsequent thermal
treatment to fabricate carbon electrodes with high ESAs.
Electrospinning is a simple, efficient, and scalable technique for
the generation of continuous fibers.23 Thermal treatment can
convert electrospun fibers of certain polymers (e.g., poly-
acrylonitrile (PAN)) to carbonaceous nanofibers.24 To date,
electrochemical applications of electrospun carbon nanofibers
(ECNFs) have been dominated by energy storage,24,25 and only
a few studies have examined their electrochemical sensing
properties.26,27 These sensors were fabricated by conventional
solution-cast methods using suspensions containing broken,
discontinuous ECNFs, with electrocatalytic activities governed
by additives such as palladium26 and rhodium27 nanoparticles
incorporated within the fiber matrices.
In this work, continuous all-carbon ECNFs have been

developed for electrochemical sensing applications with wide
dynamic ranges and high sensitivities. The ECNF sensors were
fabricated by the electrospinning of PAN fibers directly onto
conductive substrates followed by carbonization at 1200 °C.28

This process allows firm attachment of a controllable amount of
continuous ECNFs to the substrate without the use of binders.
As a result, the ESAs of the sensors can be adjusted easily by
control of the electrospinning deposition time, which enables
systematic manipulation of the dynamic range of the sensor.

Another unique aspect of the ECNF sensors is that their high
sensitivities are readily achieved through thermal treatment at
1200 °C without the need for further modifications of the
carbonized fibers or the use of other noncarbon components.
Previously, we have shown that ECNFs carbonized from PAN
at 1200 °C exhibit abundant edge defects and high densities of
electronic states (DOS).28 Such unique features of ECNFs
distinguish them from the commercial carbon fibers most
commonly used industrially in structural materials, which rely
on a high degree of graphitization to remove edge defects and
to maximize the tensile strength.2 We find that the ECNFs
developed here exhibit significantly better electrocatalytic
performance than that observed with commercially available
graphitized fibers (GFs). Moreover, our sensor-fabrication
method creates a conductive carbon network with high
porosity. This structure is desirable for electrochemical sensing
because it can simultaneously facilitate electron transport in the
conductive framework and promote analyte diffusion in the
pores.29−31 Furthermore, the ECNF sensing platform can apply
to a plethora of analytes because the electron-transfer
efficiencies of many redox species and biomolecules are largely
dictated by the DOS of the electrode materials.2,28,32

As proof of principle, we used dopamine (DA) as a model
analyte to evaluate the sensor performance. DA is an important
neurotransmitter with a crucial role in human metabolism as
well as in the cardiovascular, central nervous, renal, and
hormonal systems33,34 and can shed light on the treatment of
schizophrenia, Huntington’s disease, and Parkinson’s dis-
ease.35−37 Advanced carbon electrodes,2 especially those
based on CNTs20,38−48 and graphene,15,16,49−53 have been
researched extensively for electrochemical DA detection, and
the detection ranges of these DA sensors have been well-
documented. The ECNF sensors developed here demonstrate
remarkably wide sensing ranges (up to the solubility limit of
DA) while exhibiting detection limits comparable to those of
sensors currently reported in the literature. Although there is

Figure 1. (a) Schematic illustration of the sensor-fabrication process. (b, c) SEM images of (b) as-spun PAN fibers and (c) carbonized fibers. (d, e)
Cross-sectional SEM images of the ECNF sensors with a deposition time of (d) 12 and (e) 68 h. Insets are the enlarged dotted rectangles.
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little or no practical need for detection of DA at high
concentrations, the results bode well for the development of
electrochemical sensors with broad detection ranges that are
potentially useful for monitoring several other substances that
are present with high concentrations, such as soluble dyes in
highly polluted textile industrial wastewater,1 nonbiodegradable
pesticides that persist and accumulate in the environment,10

and pharmaceutically active compounds in bulk drug materials
and drug formulations.9

■ RESULTS AND DISCUSSION

Fabrication and Microstructural Characterization of
the ECNF Sensor. Figure 1 shows the sensor fabrication
process schematically (also see the Experimental Section).
Briefly, a conductive substrate is coated with a thin PAN film by
spin-coating followed by the electrospinning deposition of PAN
nanofibers. Toray carbon papers composed of GFs are used as
the substrate because they are stable during high-temperature
treatment. The PAN film serves as the glue to prevent fiber
detachment from the substrate after carbonization. Next, the
PAN components of the substrate/film/nanofiber construct are
carbonized at a temperature of 1200 °C. This temperature has
previously been shown to be optimal for imparting the resulting
ECNFs with high DOS.28

A representative scanning electron microscopy (SEM) image
of the as-spun PAN fibers (Figure 1b) shows that their
diameters are around 300 nm. The carbonized fibers have
slightly smaller diameters of ∼250 nm (Figure 1c) because of
the mass loss associated with evolved gases.54 The cross-
sectional SEM images of the ECNF sensors with different

deposition times are shown in Figure 1d,e. The ECNFs are
densely packed and firmly attached to the substrate. This
suggests that our fabrication procedure is effective in producing
substrate-supported porous meshes composed of intercon-
nected carbonaceous nanofibers without using binders. The
loading of the electroactive materials (i.e., ECNFs) can be easily
adjusted through the deposition time. With an increase from 12
to 68 h, the thickness of the ECNF mesh increases from ∼60 to
∼500 μm without loss of mesh integrity. The ability to control
the loading mass of ECNFs is significant for ESA manipulation
to achieve optimum sensing performance. The ESAs of the
ECNF devices as a function of deposition time can be
determined by electrochemical methods, as will be discussed
later.
The ECNFs developed here exhibit a microstructure that is

drastically different from that of GFs. X-ray diffraction (XRD)
measurements (Figure 2a) show that the peak representing the
(002) graphitic basal-plane reflection for the ECNFs is
observed at a lower 2θ value (24.5°) relative to that for GFs
(26.5°). Additionally, the diffraction peak for ECNFs is much
broader than that for GFs. The average interlayer spacing (d002)
and the crystallite size (Lc) were estimated using the Bragg and
Scherrer equations, respectively.54 The d002 for GFs was found
to be 0.336 nm, in accordance with the value for isotropic
graphite.55 ECNFs have a larger d002 value of 0.354 nm,
indicating that ECNFs display turbostratic carbon structures
with a low graphitization degree. The Lc value for GFs (22.5
nm) is larger than that for ECNFs (1 nm), indicating that
ECNFs contain smaller crystallites.

Figure 2. (a) XRD patterns showing the shifting and broadening of the (002) peak of ECNFs relative to GFs. (b) High-resolution C 1s XPS spectra
showing a higher sp3/sp2 ratio for ECNFs than for GFs. (c) Raman spectra showing a higher RI value for ECNFs than for GFs. (d) HR-TEM image
of an individual ECNF showing irregularly oriented graphene sheets. (e) UPS spectra of ECNFs and GFs showing their electronic structures. Gold
was used as the internal standard to locate the Fermi level. (f) Details of the UPS spectra near the Fermi level showing a much higher DOS at EF for
ECNFs than for GFs.
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High-resolution C 1s X-ray photoelectron spectra (XPS)
(Figure 2b), deconvoluted into sp2, sp3, and π−π*
components,56 indicate that ECNFs have a higher sp3/sp2

ratio (0.7) than GFs (0.4). Raman spectra (Figure 2c) show
that the RI value (the intensity of the D band at 1337 cm−1

divided by that of the G band at 1585 cm−1)57 is higher for
ECNFs (1.26) than for GFs (0.47). The XPS and Raman
results confirm that ECNFs contain more edge-like defects than
GFs. For calculation of the sp3/sp2 and RI values, see the
Supporting Information. Figure 2d shows a representative high-
resolution transmission electron microscopy (HR-TEM) image
of the edge of an ECNF. The fiber surface exhibits a wrinkled
topology with irregular orientation of stacked graphene sheets.
In contrast, the surfaces of completely graphitized fibers contain
mostly graphite basal planes and very few edge-plane sites.2

We hypothesize that ECNFs provide a higher DOS than GFs
because the defect-rich nature of ECNFs may result in greater
overlap between the valence and conduction bands.58 To test
this hypothesis, He(I) ultraviolet photoemission spectroscopy
(UPS) was used to probe directly the electronic structure of
ECNFs and GFs; the normalized UPS intensity corresponds to
the DOS of the materials investigated.59 The UPS spectra
normalized with respect to the total integrated intensities
(Figure 2e) show that both GFs and ECNFs exhibit graphite-
like valence-band structures. The intensities from 0−5, 5−10,
and 10−18 eV are attributed to pπ-, pσ-, and s-like σ bands,
respectively.60 More importantly, Figure 2f indicates that
ECNFs have a higher DOS near the Fermi level (0 eV) than
GFs. The DOS of electrode materials near the Fermi level plays
a crucial role in their electrochemical activities.2,61

Electrochemical Evaluation Using an Edge-Site-Sensi-
tive Redox Probe and Determination of Electroactive
Surface Area. Ferrocyanide−ferricyanide (Fe(CN)63−/4−) has
been adopted frequently as the standard redox couple to study
the electrochemical activities of various electrode materials.2

For carbon materials, this redox probe is of particular interest
because its electron-transfer process depends strongly on the
density of edge sites on carbon surfaces.2,62 Figure 3a shows the
anodic and cathodic differential pulse voltammograms (DPVs)
of a bare GF substrate and an ECNF sensor in 1 mM
Fe(CN)6

3−/4−. The GF substrate exhibits almost no current
response. By contrast, the ECNF sensor displays a pronounced
anodic peak of −0.71 mA at 0.27 V and a sharp cathodic peak
of 0.70 mA at 0.23 V. Carbon microstructures influence
significantly the electrochemical activities of carbon electrodes.2

The basal planes of graphite electrodes have been shown to
display very low activity63,64 or even no electroactivity.65−68

Therefore, one of the possible reasons for the higher
electrochemical activity of ECNFs relative to that of GFs may
be the higher edge-site density of ECNFs. In addition,
Fe(CN)6

3−/4− is very sensitive to the state of the carbon
surface; a nitrophenyl monolayer on GC caused a significant
decrease in its activity toward Fe(CN)6

3−/4−.69 The observed
electrochemical inertness of GFs in our experiments was
determined not to be because of inadvertent adsorption of
impurities, however, since no current response toward
Fe(CN)6

3−/4− was observed with either new GF substrates or
with GF substrates cleaned carefully by a standard cleaning
procedure using activated carbon and sonication (see
Experimental Section).70

Electrochemical impedance spectroscopy (EIS) was adopted
to measure the interfacial charge-transfer resistance (Rct) and
the solution resistance (Rs). In EIS spectra, the diameter of the
semicircle and the intercept on the Z′ axis approximate the Rct
and Rs values, respectively. The spectrum of the ECNF sensor
(Figure 3c, red symbols) is characterized by a semicircle with
impedance values that are significantly lower than those
obtained on the bare GF substrate (Figure 3b, black symbols)
(i.e., Rct for the ECNF sensor is reduced compared to that of
the GF substrate). The inset in Figure 3c shows that Rs for the

Figure 3. Electrochemical evaluation using Fe(CN)6
3−/4−. (a) Anodic and cathodic DPVs. (b) Nyquist plots showing the difference in Rct and Rs

between the ECNF sensor and the GF substrate. Inset shows the equivalent circuit used to model the impedance data. Rs, electrolyte solution
resistance; Rct, interfacial charge-transfer resistance; and CPE, constant phase element. (c) Enlarged view of the dotted rectangle in panel b. Inset
shows the enlarged dotted area in panel c, revealing the intercepts on the Z′ axis. (d) Peak current from CVs versus the square root of scan rate
showing the semi-infinite linear diffusion behavior of Fe(CN)6

3−/4− on the ECNF sensor. (e) Calculated ESAs as a function of electrospinning
deposition time. For the measurements in panels a−e, the solution contains 1 mM Fe(CN)6

3−/4− in 1 M KCl. (f) CVs obtained on the ECNF sensor
(12 h deposition) at high concentrations of Fe(CN)6

3−/4− ranging from 5 to 50 mM.
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ECNF sensor is ∼0 kΩ, much lower than that for the GF
substrate (∼ 0.15 kΩ). An equivalent circuit (Figure 3b, inset)
is used to fit the impedance data to calculate the Rct and Rs
values. Significantly lower values for both parameters are
obtained on the ECNF device (Rct = 6.5 ± 0.2 kΩ and Rs = 0
kΩ) compared to those obtained on the GF substrate (Rct =
193.6 ± 3.1 kΩ and Rs = 0.15 kΩ). The DPV and EIS
evaluations are consistent with the presence of an abundance of
edge-plane sites on ECNFs, whereas GFs contain relatively
fewer such electroactive defects. These electrochemical
measurements are in agreement with the microstructural
comparison between the two types of material systems.
Well-defined cyclic voltammetric (CV) responses for an

ECNF sensor in 1 mM Fe(CN)6
3−/4− at varying scan rates

(Figure S2) suggest that this device can support quasi-reversible
electron-transfer kinetics for this redox probe. A linear
relationship between the anodic peak current and the square
root of scan rate (Figure 3d) indicates a diffusion-controlled,
not surface-limiting, charge-transfer behavior with Fe-
(CN)6

3−/4−. This current response was controlled by the
planar diffusion of redox molecules present between the fibers
or inside the pores of the fibrous mat to the fiber surfaces
themselves (see Supporting Information section S6 for a
detailed discussion) and thus the results of the Fe(CN)6

3−/4−

scans can be used to estimate the ESA of the sensing device
based on the Randles−Sevcik equation71

= ×I AD n Cv2.69 10p
5 1/2 3/2 1/2

(1)

where Ip is the peak current (mA), A is the ESA of the electrode
investigated (cm2), D is the diffusion coefficient of ferricyanide
(7 × 10−6 cm2/s),71 n is the number of electrons transferred in
the redox reaction of Fe(CN)6

3−/4−, C is the concentration of
ferricyanide in the bulk solution (M), and v is the scan rate (V/
s). The ESA value is calculated from the slope of the Ip versus
v1/2 linear regression equation.
Figure 3e shows the ESAs of the ECNF sensors with

different electrospinning deposition times. The ECNF device

with a deposition time of 12 h exhibits an ESA of 3.7 cm2, a
value that is significantly higher than that reported for
electrochemical biosensors based on CNT assemblies (gen-
erally ∼10−2 cm2).72 Additionally, there exists a linear
correlation between the ESA values and the deposition time,
which indicates that the ESA can be controlled systematically
using our fabrication process.
To show that a high ESA postpones current saturation and

thus expands the sensing range of the detector, we increased
the concentration of Fe(CN)6

3−/4− to higher values and
measured the corresponding current responses of the ECNF
sensor prepared with a 12 h deposition time. Figure 3f shows
the CV responses obtained on the sensor at different
Fe(CN)6

3−/4− concentrations, ranging from 5 to 50 mM.
Whereas the peak current increases monotonically with the
analyte concentration, the current signal increment with fixed
increments in concentration gradually decreases, which
indicates that current saturation might occur if the concen-
tration of Fe(CN)6

3−/4− is sufficiently high. Nevertheless, the
upper bound of the detection range achieved on the ECNF
sensor appears to be much higher than those reported to date
with other electrochemical sensors.

Electrocatalysis against Dopamine. The well-docu-
mented performance of sensors for the widely studied model
analyte dopamine (DA) provides a strong basis for evaluation
of the ECNF sensors developed in this work. Figure 4 shows
the CV curves in 10 mM DA solutions obtained on a bare GF
substrate and several ECNF sensors with different deposition
times. The unmodified GF substrate shows ill-shaped
voltammetric responses with a pair of weak peaks around 0.9
and 0.1 V (Figure 4a inset). By contrast, the CV curves
obtained on the ECNF sensors are characterized by sharp, well-
defined redox peaks. These results indicate that the ECNF
sensors display much higher electrochemical activity toward
DA. Additionally, we observe that the magnitude of the current
signals increases with deposition time. From 5 to 8 to 12 h, the
anodic peak currents increase from 1.6 to 3.7 to 5.0 mA, and

Figure 4. (a) CVs of the GF substrate and the ECNF sensors with different deposition times obtained at a scan rate of 0.05 V/s in 10 mM DA. Inset
shows the enlargement of the CV curve obtained on the GF substrate. (b) CVs obtained on an ECNF sensor (12 h) in 1 mM DA at scan rates from
0.1 to 0.5 V/s. (c) Anodic peak current versus scan rate. (d) Anodic peak potential versus the natural logarithm of scan rate. Results shown in panels
c and d indicate that the redox reaction of DA on the ECNF sensor is surface-controlled.
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the cathodic peak currents increase from 0.9 to 3.2 to 4.4 mA,
respectively. This higher current density is consistent with an
increased ESA. Furthermore, the value of the peak-to-peak
separation (ΔEp) in the CVs decreases from 400 to 270 to 220
mV with increasing deposition time. The ECNF sensor with a
higher ESA displays a more reversible electron-transfer process
for DA, indicated by a lower ΔEp value. DA requires adsorption
to realize efficient electron transfer and thus its electrochemical
kinetic behavior can be improved significantly by increasing the
electrode ESAs.73,74

Mechanistically, the interplay between dopamine and an
electrode can be probed by examining the voltammetric
response of the electrode at varying scan rates, v. Figure 4b
shows the influence of v on the CV response of an ECNF
sensor to 1 mM DA. With increasing v, both the anodic and
cathodic peak currents increase gradually, whereas the anodic
and cathodic peak potentials shift to more positive and negative
positions, respectively. Figure 4c shows that the anodic peak

current (Ipa) increases linearly with v. The resulting regression
equation is

= + =I v r(mA) 3.5 (V/s) 0.3 ( 0.999)pa
2

(2)

This linearity between Ipa and v signifies that the electro-
chemical reaction of DA on the ECNF sensor is controlled by
surface adsorption. We also observe a linear relationship
between the anodic peak potentials (Epa) and ln v (Figure 4d),
with a regression equation expressed as

= + =E v r(V) 0.059 ln (V/s) 0.724 ( 0.982)pa
2

(3)

consistent with the Laviron model,75 which predicts that, for a
surface-controlled redox reaction, Epa and ln v are linearly
correlated.

Wide-Range Dopamine Detection. To demonstrate
ultra-wide-range detection of DA, we varied its concentration
from 0.2 to 700 000 μM and recorded the corresponding

Figure 5. (a) Background-subtracted CV responses of an ECNF sensor (12 h deposition) obtained over different concentration ranges. From top to
bottom: 200 000−700 000, 20 000−100 000, 2 000−10 000, 200−1000, 20−100, and 0.2−10 μM. (b) Piecewise linear fitting for different
concentration ranges. (c) Continuous nonlinear fitting for the whole concentration range.
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voltammetric response of the sensors. The highest concen-
tration approaches the solubility of DA in water (∼ 1 M) at
room temperature. If the ECNF sensor provides a sufficiently
high ESA, then the current should not saturate at the highest
DA concentrations used. Therefore, a strictly increasing
calibration function between the current signal and the analyte
concentration should be obtained. Figure 5a shows the
background-subtracted CV response of an ECNF sensor (12
h deposition). From top to bottom, the overlaid CV curves are
enlarged stepwise to show clearly the voltammetric responses
obtained over different concentration ranges, indicated by
different colors. The CV curves are well-resolved at low DA
concentrations (0.2−10 μM, purple lines) and do not become
saturated even at DA concentrations approaching the solubility
limit (200 000−700 000 μM, pink lines); thus, the sensor
exhibits a low LOD and a wide dynamic range. Figure 5b shows
piecewise linear fitting between Ipa and the DA concentration
(CDA). The Ipa − CDA relationship is linear over a concentration
range of approximately 1 order of magnitude. Table 1

summarizes the corresponding linear regression equations and
correlation coefficients for different CDA ranges. The LOD value
of the ECNF sensor was determined to be 0.08 μM (at a signal-
noise ratio of 3) on the basis of the following equation

σ=
S

LOD
3

(4)

where σ is the standard deviation of five measurements of the
blank solution and S is the slope of the linear regression
equation for the lowest concentration range (i.e., 0.2−10 μM).
Linear fitting over the entire concentration range would not be
accurate because the slope of a piecewise linear fit for each
concentration range changes from 1.69 × 10−6 for the lowest
concentration range to 3.33 × 10−8 for the highest
concentration range. To obtain a continuous calibration curve
for the entire CDA range, we plot the Ipa − CDA data on a log−
log plot (Figure 5c) where the data exhibit a quasi-linear form
with an S shape. Using a linear function (i.e., β1 + β2x) to fit the
ln CDA − ln Ipa data, a root-mean-square deviation (rmsd) of
0.22 was obtained. By adding a sigmoid function term, ((β3)/(1
+ exp(−x + β4))), we obtained an improved rmsd of 0.14. After
further incorporating a higher-order term, β5x

β6 (β6 > 1), a low
rmsd of 0.06 was achieved. The resulting nonlinear regression
equation including all three terms, plotted as a solid line in
Figure 5c, describes well the experimental data over the entire
concentration range. The nonlinear fitting results are
summarized in Table 2.
Next, we compare the dynamic ranges and LOD values of the

ECNF sensors manufactured with different deposition times
(Table 3). The sensing performance improves markedly (i.e., a

lower LOD and a wider dynamic range) when the deposition
time increases from 5 to 12 h. The expanded detection range is
a direct result of a higher ESA of the device that postpones
current saturation. The lower detection limit with increasing
deposition time (and thus increasing ESA) is a consequence of
the electron-transfer mechanism with dopamine. Dopamine is
an inner-sphere species whose redox reaction is surface-
sensitive and adsorption-assisted; thus, a large electrode surface
area increases electron-transfer efficiencies with DA and results
in enhanced sensitivity.2 It should be pointed out that in the
cases in which the deposition time is 12, 24, or 33 h the current
response does not necessarily become saturated above 700 000
μM; rather, this upper bound is due to the solubility limit of
DA in water. Further increases in deposition time beyond 12 h
do not lead to a significantly improved detection limit. The
ECNF sensors with 24 and 33 h deposition time have LODs of
0.08 and 0.07 μM (S/N = 3), respectively. These values are
similar to the detection limit obtained with an ECNF sensor
prepared with a 12 h deposition time. When the deposition
time exceeded 12 h, both the slope of the calibration curve and
the system noise increased simultaneously. That is, according to
eq 4, with an increase in both S and σ, the LOD value does not
necessarily decrease. Moreover, as shown in Figure 3e, the
standard deviations of the sensor ESAs with 24 and 33 h
deposition times are larger than that with 12 h deposition.
Thus, the ECNF sensor with 12 h deposition demonstrates
better reproducibility compared to those fabricated with longer
deposition times.
Figure 6 compares an ECNF sensor (12 h deposition) with

previously reported electrochemical biosensors based on
carbon nanotubes20,38−48 (green data) and graphene15,16,49−53

(blue data) for dopamine detection. Most of these biosensors
were manufactured by casting CNT- or graphene-containing
suspensions onto conventional nonporous electrodes such as
GC.15,16,39,42,44−46,48,50−53 Other fabrication methods have also
been used, including layer-by-layer assembly,43,47 covalent
binding,38 mixing with carbon paste,41,49 direct growth of
CNTs,40 and electrochemical deposition.20 It is apparent that
the ESAs of the resulting sensors are fairly limited regardless of
the assembly strategy. This leads to relatively narrow sensing

Table 1. Linear Calibration Curves for DA Detection over
Different Concentration Ranges Using an ECNF Sensora

concentration regime
[μM]

linear regression equation Ipa, [A];
CDA, [μM] r2

200 000−700 000 Ipa = 3.33 × 10−8CDA + 1.91 × 10−2 0.9978
20 000−100 000 Ipa = 1.19 × 10−7CDA + 3.53 × 10−3 0.9962
2000−10 000 Ipa = 3.09 × 10−7CDA + 5.47 × 10−4 0.9982
200−1000 Ipa = 6.13 × 10−7CDA + 5.58 × 10−5 0.9988
20−100 Ipa = 8.57 × 10−7CDA + 1.13 × 10−5 0.9994
0.2−10 Ipa = 1.69 × 10−6CDA + 4.20 × 10−6 0.9986

aTwelve hour deposition.

Table 2. Nonlinear Fitting Results for DA Detection over the
Entire Concentration Range from 0.2 to 700 000 μM

nonlinear fitting function form
Ipa, [A]; CDA, [μM]

values of the fitting
coefficients

root-mean-
square

deviation
(rmsd)

ln I = β1 + β2 ln CDA β1 = −12.25, β2 = 0.70 0.22
ln Ipa = β1 + β2 ln CDA + β3/
(1 + exp(−ln CDA + β4))

β1 = −9.08, β2 = 0.72,
β3 = −3.39, β4 = −2.14

0.14

ln Ipa = β1 + β2lnCDA + β3/
(1 + exp(−ln CDA + β4)) +
β5(ln CDA) + β6

β1 = −11.99, β2 = 0.25, β3 =
1.36, β4 = 5.60,
β5 = 0.19, β6 = 1.20

0.06

Table 3. Limits of Detection (LOD) and Dynamic Ranges of
the ECNF Sensors with Different Electrospinning
Deposition Times

deposition time [h] limit of detection [μM] dynamic range [μM]

5 5.58 8−9000
8 1.52 3−50 000
12 0.08 0.2−700 000
24 0.08 0.2−700 000
33 0.07 0.2−700 000
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ranges that are generally smaller than 2 orders of magnitude
(Figure 6). By contrast, the ECNF sensor exhibits a remarkably
wider sensing range, spanning more than 6 orders of
magnitude. As noted earlier, although the detection of DA at
these high concentrations is not generally necessary, these
results indicate that other electrochemical sensors with similar
broad detection ranges may be prepared for monitoring several
other substances that are present with high concentrations,
such as soluble dyes in highly polluted textile industrial
wastewater,1 nonbiodegradable pesticides that persist and
accumulate in the environment,10 and pharmaceutically active
compounds in bulk drug materials and drug formulations.9

In addition, to achieve high sensitivity, the CNT- and
graphene-based biosensors usually require further modifications
of the carbon materials and/or introduction of other noncarbon
active components. These modifications are necessary because
pristine carbon nanotubes and graphene contain very few
electroactive edge defects and thus exhibit limited catalytic
activities.5−8 For dopamine sensing, most previous studies focus
on incorporation of noncarbon components, including
enzymes,39,45,46 functional polymers,20,40,42,44,51−53 and metal
nanoparticles.50 To the best of our knowledge, only one
report16 concentrates on manipulation of carbon structures and
generation of edge sites; in this case, microwave energy was
used to exfoliate multiwalled carbon nanotubes. Our as-
synthesized ECNFs possess more surface edge sites with
fewer processing steps than CNTs and graphene28 and offer a
significantly lower LOD value (0.08 μM) than pristine
graphene-based sensors (2.64 μM).15 The sensitivity of the
ECNF sensor is better than, or comparable to, the sensitivities
of the sensors based on modified CNTs and graphene (Figure
6). Moreover, in control experiments, we found that the GF
electrode has a much narrower dynamic range than the ECNF
sensor (see Supporting Information section S7). The low
activity of the GF electrode is attributed to a lack of edge sites,
low DOS, and small microscopic surface area (which is
reflected by the much lower capacitance of the GF electrode

compared to that of the ECNF sensor, see Supporting
Information section S8).
The ECNF sensors show satisfactory reproducibility,

stability, and selectivity. Five successive CV measurements
using the same sensor for detection of 0.1 mM DA yield a
relative standard deviation (RSD) of 1.3%, indicating excellent
repeatability. The RSD for five ECNF sensors manufactured
under the same conditions (12 h deposition time) is 5.9%,
suggesting reasonable fabrication reproducibility. After being
stored in an open laboratory atmosphere for 1 month, 95.6% of
the initial CV response (i.e., the magnitude of the anodic peak
current) to 0.1 mM DA remains, suggesting good sensor
stability. After each measurement, the sensor was rinsed
thoroughly with deionized water and ethanol. The good
stability and ease of storage is attributed to the nonenzymatic
nature of the ECNF sensor.39,45,46 It has been reported that the
CV response for DA detection decays greatly (more than 95%)
immediately after the first scan cycle, possibly because of
fouling of the electrode surface by the oxidized DA products
(such as dopaminechrome and melanin).76 This is not the case
for our ECNF device. After 20 CV cycles, the magnitude of the
anodic peak current remains almost unchanged with 1 and 10
mM DA present (Figure S2a,b) and decays marginally (5%)
even at a very high dopamine concentration of 100 mM (Figure
S2c). We attribute this to the high ESA of the sensor, which can
sustain stable voltammetric signals despite possible surface
contamination with repeated cycling. For the selectivity of
electrochemical DA sensors, a major challenge is to eliminate
the interference from ascorbic acid (AA),15,38,41,44,77,78 which
coexists with DA in brain tissues and biological fluids and
exhibits an oxidation peak potential very close to that of DA at
conventional electrodes such as Au, Pt, and glassy carbon
electrodes.79 On the ECNF sensor, we find that the current
response from AA is significantly lower than that from DA at
the same concentration and that there is complete peak
separation between DA and AA (for details, see the Supporting
Information). This suggests that the ECNF sensor is selective
for DA relative to AA and can distinguish between them.

Figure 6. Comparison of the dynamic range and the detection limit between the ECNF sensor (12 h) and previously reported electrochemical
biosensors based on graphene (blue) and carbon nanotubes (green). Abbreviations (from bottom to top): SWCNT, single-walled carbon nanotube;
GME, conical glass micropore electrode; PPY, polypyrrole; SDS, sodium dodecyl sulfate; MWCNT, multiwalled carbon nanotube; OPPY,
overoxidized polypyrrole; PMB, poly(methylene blue); CPBr, cetylpyridinium bromide; MI, molecularly imprinted; PSS, polystyrene sulfonate;
PDDA, poly(diallyldimethylammonium chloride); RGO, reduced graphene oxide; PVP, poly(vinylpyrrolidone); GONR, graphene oxide
nanoribbon; GC, glassy carbon; and PCD, polycyclodextrin.
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■ CONCLUSIONS

We report the development of carbon-based electrochemical
sensors with ultra-wide-range detection capabilities. The
sensors consist of continuous defect-rich high-DOS ECNFs
deposited on conductive substrates with good mesh integrity.
The ESA of the ECNF sensor can be manipulated systemati-
cally by adjusting the electrospinning deposition time. This, in
turn, allows us to adjust the LOD and dynamic range. The
substrate-supported mesh architecture and ESA controllability
of the ECNF sensor suggest its distinct advantage for wide-
range electrochemical sensing over other carbon-based electro-
des such as GC, CPE, carbon films, and CNT- and graphene-
modified electrodes. The ECNF device exhibits a dynamic
range ∼105 greater than that of many existing biosensors for
dopamine detection, indicating its excellent capability for ultra-
wide-range sensing. The performance disparity between ECNFs
and GFs highlights the pronounced advantage of using defect-
rich high-DOS carbon materials with nanoscale crystallites for
electrocatalysis applications. Because the electron-transfer
efficiencies of many redox-active systems are governed by the
DOS of the electrode materials, the ECNF sensing platform can
be extended to a plethora of analytes in pharmaceutical,
environmental, chemical, and biological industries, such as
drugs, toxic metals, pesticides residuals, dye molecules,
neurochemicals, proteins, and DNAs.1,5,8−10

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received. Polyacrylonitrile

(PAN) (Mw = 150 000) was purchased from Polysciences. Potassium
ferricyanide, dopamine hydrochloride, potassium chloride, sulfuric
acid, and dimethylformamide (DMF) were purchased from Sigma-
Aldrich. Ultrapure water (Milli-Q) was used in all of the experiments.
Fabrication of the ECNF Sensor. PAN was dissolved in DMF to

form a 10 wt % solution in a 100 mL vial by vigorous stirring of the
mixture for 2 h over a hot plate at 80 °C. Prior to electrospinning, the
GF paper was coated with a thin PAN film by spin-coating the 10 wt %
PAN/DMF solution onto the substrate at 1000 rpm for 2 min. Then,
PAN fibers were electrospun directly onto the coated substrate using a
parallel-plate apparatus. The applied potential, solution flow rate, and
spin distance were 30 kV, 0.02 mL/min, and 30 cm, respectively. The
as-spun polymer fibers attached to the substrate were stabilized in air
at 270 °C for 1 h and then carbonized under nitrogen at an optimal
temperature of 1200 °C28 for 1 h (tube furnace, MTI, GSL-1800S60)
to generate a high DOS. The heating rate was 5 °C/min from room
temperature to 270 and 3 °C/min from 270 to 1200 °C. A load of 1.7
kPa was applied to the substrate/film/nanofiber construct using
molybdenum plates during thermal treatment. In the absence of this
applied pressure, the ECNF webs are somewhat fluffy and brittle.
Structural Characterization. Scanning electron microscopy

(SEM) (JEOL-6060 SEM) was used for the morphological study of
the carbon nanofibers. Samples for SEM were sputter-coated with a 10
nm layer of gold/palladium using a Desk II cold sputter/etch unit
(Denton Vacuum LLC). X-ray diffraction (XRD) patterns were
recorded using a PANalytical X’Pert Pro multipurpose diffractometer
with Cu Kα radiation at a scanning speed of 3°/min between 5° and
50° (2θ). The XRD data analysis was performed using the HighScore
Plus software package (PANalytical). X-ray photoelectron spectrosco-
py (XPS, Kratos Analytical) measurements were recorded with a
Kratos Axis Ultra instrument equipped with a monochromatic Al Kα
source operated at 150 W. The analyzer angle was set at 90° with
respect to the specimen surface. The high-resolution spectra for C 1s
core levels were recorded with steps of 0.1 eV and a pass energy of 20
eV. A Horiba Jobin Yvon Labram HR800 spectrometer (Horiba) was
used for recording the Raman spectra using a 633 nm laser source at 3
mW of laser power. Transmission electron microscopy (TEM) (JEOL-
2010 advanced high-performance TEM) was used to examine the

surface nanostructures of the carbon nanofibers. The TEM samples
were prepared by casting 2 μL of a suspension in water (1 mg/mL) of
broken nanofibers generated by gentle sonication for 30 min onto a
TEM grid. Ultraviolet photoemission spectra (UPS) were obtained
using a He(I) emission lamp (21.2 eV photon energy) and collected at
a 0.01 eV resolution with an electron takeoff angle of 90° and a pass
energy of 0.585 eV. Gold was used as the internal reference sample.

Electrochemical Measurements. All of the electrochemical
experiments were performed using an AutoLab PGSTAT 30
potentiostat with GPES software, version 4.9 (Eco Chemie).
Voltammetric and impedance measurements were carried out with a
standard three-electrode cell under argon protection and thermo-
statted at 25 ± 1 °C. A platinum wire and an Ag/AgCl (3 M NaCl)
electrode (BASi) were used as auxiliary and reference electrodes,
respectively. All potentials are referred to the Ag/AgCl electrode. The
auxiliary and reference electrodes were rinsed with ethanol followed by
ultrapure water before each experiment. For the impedance experi-
ments, the frequency was varied from 0.1 to 10 000 Hz, and the
potential was held at 0.3 V with a perturbation amplitude of 50 mV.
For DA detection experiments, we employed the following procedure
for adjusting the DA concentration stepwise from 0.2 to 100 000 μM
in a single solution. Briefly, a three-necked flask was initially filled with
80 mL of blank electrolyte solution with zero DA concentration. First,
four stock solutions with DA concentrations of 1, 0.1, 0.01, and 0.001
M were prepared. Next, an appropriate amount of the blank solution
was replaced with the same volume of stock solutions to increase the
DA concentration in the flask gradually while keeping constant the
total volume of the solution in the flask. To measure the CVs at a DA
concentration higher than 105 μM, it is more convenient to prepare
separate solutions than to replace the working solution with the stock
solution. This is because in the latter case a large volume of stock
solution needs to be used and thus it is easier to use separate solutions.
Cleaning of the GF electrode was performed using a previously
reported procedure.70 To prepare the activated carbon (AC)/solvent
mixture, AC was mixed with water or acetonitrile in a 1:3 (v/v) AC/
solvent ratio. The mixture was covered and allowed to stand for 30
min before use. Next, the electrode was immersed in the AC/solvent
mixture for 10 min followed by an additional 10 min sonication in
water. This treatment has been shown to be effective in removing
adsorbed impurities from carbon surfaces because the large surface
area of AC traps impurities.
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