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Abstract Electrochemical sensing is an efficient and inex-
pensive method for detection of a range of chemicals of
biological, clinical, and environmental interest. Carbon
materials-based electrodes are commonly employed for
the development of electrochemical sensors because of
their low cost, biocompatibility, and facile electron transfer
kinetics. Electrospun carbon fibers (ECFs), prepared by
electrospinning of a polymeric precursor and subsequent
thermal treatment, have emerged as promising carbon sys-
tems for biosensing applications since the electrochemical
properties of these carbon fibers can be easily modified by
processing conditions and post-treatment. This review ad-
dresses recent progress in the use of ECFs for sensor fab-
rication and analyte detection. We focus on the modifica-
tion strategies of ECFs and identification of the key com-
ponents that impart the bioelectroanalytical activities, and
point out the future challenges that must be addressed in
order to advance the fundamental understanding of the ECF
electrochemistry and to realize the practical applications of
ECF-based sensing devices.
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Introduction

The molecular and biomolecular electrochemistry of carbon
materials, particularly their electron transfer properties, have
attracted much interest for their applications in electrochemi-
cal sensing [1–3]. Relative to other materials, carbon-based
electrochemical sensors enjoy several advantages, such as
high sensitivity, reproducibility, low-cost, and ease of device
fabrication, and therefore have been used in many practical
applications in chemical and biological industries, including
food quality control, bioprocessing, water treatment, and clin-
ical chemistry. Structural modification of carbon-based sens-
ing materials to manipulate their crystalline, electronic, and
chemical properties is important for enhancing sensitivity
and imparting selectivity towards certain analytes. There is a
wide range of methods available for structural modulation of
carbon materials, such as photochemical reactions [4], diazo-
nium ion modification [5], noncovalent modification using
metallocenes [6, 7], pyrenes [8–10], or porphyrins [11–13],
and electrochemical precipitation of conducting polymers
[14, 15].

Carbon fibers have attracted attention since the late 1950s,
when Bacon produced the first high performance carbon fi-
bers [16]. The conventional methods to fabricate carbon fibers
include chemical vapor deposition and pyrolysis of fibers
spun from organic precursors [17]. Electrospinning followed
by pyrolysis has recently emerged as an efficient, versatile,
and inexpensive strategy to fabricate ultrafine carbon fibers
[18]. Control over surface chemistries and microstructures of
electrospun carbon fibers (ECFs) is usually achieved through
variation of solution and processing parameters [19, 20] and
adjustment of spinning set-up geometries [21]. Complicated
fibrous structures, such as core–shell [21, 22], porous [23],

and multi-channel fibers [24], can be realized by co-spinning
different solutions with customized spinnerets. Previous re-
views on the applications of ECF-based systems have mainly
concentrated on electrochemical energy storage, gas storage,
polymer reinforcement, and membrane separation [18–25].

Herein we provide an overview of ECF-based electro-
chemical sensing materials and their applications in detection
of biologically relevant molecules. The electrochemical sens-
ing properties of other types of carbon materials, including
carbon nanotubes [26, 27], graphene [2, 28], and conventional
carbon electrodes (e.g., graphite and glassy carbon) [29–31]
have been discussed in several earlier reports. In this article,
following a brief discussion on the preparation and character-
ization of ECFs, we review the modification strategies of
ECFs and the applications of the resulting materials in
bioelectroanalysis, as well as point out the future challenges
that must be addressed in order to gain a deeper understanding
of the ECF electrochemistry and realize the practical applica-
tions of ECF-based devices.

Electrospun carbon fiber-based sensing materials

The often-cited advantages of electrospinning include ease of
operation, cost-effectiveness, high efficiency and yield, and
reproducibility of the resulting materials properties. The ver-
satility of electrospinning is reflected in the diverse nature of
materials that are electrospinnable, as well as the different
forms of fiber assemblies and architectures that have been
produced. A conventional electrospinning setup is illustrated
schematically in Fig. 1A [32]. This basic electrospinning setup
consists of three essential components: a spinneret (e.g., a
syringe), a high voltage supply, and a low voltage (e.g.,
grounded) collector. A drop of a viscoelastic polymer solution
on the tip of a spinneret is charged by the high voltage supply.
The repulsive electrical forces among the charges on the sur-
face of the drop compete with the surface tension force that
stabilizes the drop. Once the applied electric potential reaches
the critical value at which the surface charge repulsion over-
comes surface tension, a charged jet is emitted from the drop,
and the fluid is replenished by the spinneret. The ejected jet
accelerates downfield towards the collector, and its diameter
decreases because of charge repulsion and electrical stresses
that arise due to the applied electrical field. The presence of
surface charges in an applied electric field gives rise to a
Bwhipping^ instability, in which spontaneous deviations of
the jet from the axis of flow (i.e., bending) are amplified,
which results in further stretching of the liquid filament. As
the solvent evaporates, solidified continuous polymer fibers
are generated on the grounded collector. The diameters of
electrospun fibers can be controlled to be in the nanometer
to micrometer range. An alternative technique with potential
large scale production capabilities is Bfree-surface^
electrospinning (Fig. 1B), where jets can be generated from
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free liquid surfaces such as films, drops, or bubbles, without
the need for a spinneret [33, 34].

More than a hundred types of polymers have been
electrospun; among them, those with high carbon yields
(i.e., the ratio between the mass of carbonized fibers to the
mass of polymer fibers prior to carbonization) can be used to
produce electrospun carbon fibers. The main types of
electrospinnable polymers with high carbon yields are poly-
acrylonitrile (PAN), poly(vinyl alcohol) (PVA), cellulose ace-
tate (CA), polyvinylpyrrolidone (PVP), polyimide (PI),
polybenzimidazol (PBI), poly(amic acid) (PAA), phenolic res-
in, and pitch [18, 35]. The generation of carbonaceous fibers
from precursor polymer fibers generally involves two steps:
(1) stabilization at relatively low temperatures (200–300 °C)
in an oxidative environment to convert thermoplastic polymer
fibers to condensed thermosetting fibers, and (2) carboniza-
tion at high temperatures (usually around 800–1300 °C) in an
inert gas atmosphere such as nitrogen or argon to remove
heteroatoms. The fabrication process of ECFs is flexible and
versatile in that it is easy to manipulate the composition of the
precursor solution and to adjust the thermal treatment condi-
tions. The post-treatment of ECFs using a variety of carbon
surface functionalization methods can also introduce foreign
active components to the fibers. The morphological character-
ization of ECF-based sensing materials is usually performed
using transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). Nitrogen adsorption/desorption
isotherm measurements can be used to determine the specific
surface area and pore size distributions of ECFs [36, 37].
Useful structural information on the carbonized fibers relevant
to their electrochemical sensing performance (e.g., the defect
concentration, surface chemistry, and electronic structure) can
be obtained from various spectroscopic techniques, such as X-
ray photoelectron spectroscopy (XPS), electron energy loss

spectroscopy (EELS), ultraviolet photoelectron spectroscopy
(UPS), X-ray absorption near edge spectroscopy (XANES),
and Raman spectroscopy. The chemical, morphological, and
electronic properties of ECFs depend on a number of factors,
such as the type of polymer precursor, the electrospinning
conditions, the thermal treatment temperature, and the chem-
ical modification procedures. For example, PAN-derived car-
bon fibers usually exhibit turbostratic carbon structures with
an interlayer distance of ~ 0.37 nm, whereas pitch-derived
carbon fibers display a higher degree of graphitization with
an interlayer distance of ~0.34 nm, consistent with that for
graphite. The electrospinning conditions, including the con-
centration of the polymer solution, flow rate, voltage applied,
and humidity, affect the diameter of the resulting fibers and the
specific surface area of the fiber mat. It is possible to manip-
ulate the pore size distribution of the ECFs by varying the
chemical composition of the electrospinning solution, chang-
ing the carbonization temperature, and using additional acti-
vation steps (e.g., steam treatment). Surface modification,
such as controlled oxidation and doping with heteroatoms,
can be used to modulate the electronic structure of ECFs.
For a thorough summary of the fundamental properties of
ECFs fabricated and treated under different conditions, see
the review by Inagaki et al. [18].

ECF-based sensing systems have been applied to the
detection of a range of biologically relevant molecules,
the chemical structures of some of which are summarized
in Fig. 2. The detection of aromatic molecules containing
hydroxyl groups is of practical importance in environmen-
tal protection and medicine. Catechol and hydroquinone
are widely used in cosmetic dyes, pesticides, and pharma-
ceuticals, but are highly toxic and not easily degradable,
posing serious environmental concerns [38]. Dopamine is
an important neurotransmitter, the abnormal level of which

Fig. 1 (A) Schematic illustration of a conventional electrospinning set-
up: (a) power supply (usually with high voltage capabilities up to 30 kV);
(b) charging device; (c) electrode charged to a high potential (e.g., flat
plate); (d) grounded electrode or collector (e.g., flat plate); (e) device for
current measurements; (f) fluid reservoir; (g) flow rate control; (h) cone;
(i) thinning jet; (j) whipping instability region. Reprinted with permission
from Ref [32]. (Copyright Elsevier, 2007) (B) An example of free surface
electrospinning. Conductive wires are used as the high voltage electrodes.

The fluid reservoir (gold) is also charged to a high voltage. As the spindle
of wires rotates counterclockwise (as viewed here), the precursor polymer
solution first forms a liquid film as shown on the first (leftmost) wire,
which then breaks up into droplets as shown on the second (middle) wire.
The electric field at the wire increases as the spindle rotates, resulting in
emission of a liquid jet as shown on the third (rightmost) wire. Dry fibers
form as the solvent evaporates. Reprinted with permission from Ref [34].
(Copyright Elsevier, 2013)
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is closely associated with Parkinson’s disease, Alzheimer’s
disease, and schizophrenia [39, 40]. The detection of ascor-
bic acid and uric acid plays an important role in laboratory
medicine. Paracetamol is one of the common ingredients in
over-the-counter analgesics and antipyretics, and can cause
liver cell and renal cell necrosis if it is overdosed [41].
Hydrogen peroxide is an effective disinfecting agent and
a byproduct of various oxidase enzymes, the concentration
of which can be used as an indicator for tracing the prog-
ress of biochemical reactions [40, 42, 43]. Hydrazine has
been used in rocket fuels and as a precursor for pharma-
ceuticals; the detection of hydrazine is crucial because
even short-time exposure to it can result in severe adverse
effects on human health [44]. Glucose and other sugars
(fructose and sucrose) are commonly found in fruits and
food; the level of glucose is important for the diagnosis and
treatment of diabetes [41, 45]. Table 1 summarizes the key
components of ECF-based electrochemical sensors, the
types of analytes that can be detected using these sensors,
the electrochemical techniques used for sensing, and the
performance parameters of these sensors (i.e., limit of de-
tection and dynamic range).

The development of ECF-based sensing materials for elec-
trochemical detection of biologically relevant molecules relies
on three main strategies: (1) manipulation of carbonization
conditions or doping with heteroatoms to modulate the elec-
trochemical properties of carbon fibers, (2) incorporation of
electrochemically active metal nanoparticles into ECFs by
adjusting the composition of the precursor solution, and (3)
post-modification of ECFs using solution-based chemical pro-
cesses. In the following three subsections, we discuss the sens-
ing performance of ECF-based electrochemical systems, clas-
sified into these three categories. These strategies generally
enhance the electron transfer efficiencies between redox-
active systems and the electrode materials. In addition to the
target molecules listed in Table 1, sensing devices based on
ECFs can be potentially applied to a great variety of other
redox-active analytes that are of importance in chemical, bio-
logical, environmental, and pharmaceutical industries, such as
dyes, heavy metals, proteins, DNAs, drugs, and pesticide re-
siduals [27, 46–49].

For the development of sensing devices, in most cases, the
ECFs, with or without post-spin modification, are milled to
break up the fibers, and then mixed with polyelectrolyte

Fig. 2 The chemical structures of
a range of biologically relevant
molecules that can be detected by
ECF-based sensing systems:
hydroquinone, catechol,
dopamine, paracetamol, hydrogen
peroxide, hydrazine, uric acid,
ascorbic acid, glucose, fructose,
maltose, sucrose, adenine,
guanine, and xanthine
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binders dissolved in solvents, followed by drop-casting of the
ECF-containing suspension with known fiber concentrations
onto a substrate electrode. Alternatively, free-standing ECF
mats have also been used directly as sensing electrodes with-
out the need for a supporting substrate. Throughout this arti-
cle, the nomenclature Bfiber-A/B//substrate^ is used to identi-
fy a multi-component sensing device, where B-^ means that
ECFs are tightly bonded with component A (e.g., Pd-ECF
indicates Pd-loaded ECFs), and B/^means that fibers are phys-
ically mixed with component B (e.g., ECF/Nafion indicates
that ECFs are physically mixed with Nafion).

ECFs with or without dopants

In this section, we discuss the performances of electrochemi-
cal sensors that consist of ECFs without additional functional
components such as metal nanoparticles. In these sensors,
generally the properties of the carbon component govern the
electrochemical activities towards redox-active molecules.

PAN-derived ECFs, without any additional modifications,
were used directly to detect hydroquinone (HQ) and catechol
(CC) simultaneously [38]. Figure 3A shows differential pulse
voltammetry (DPV) responses on an ECF-modified carbon
paste electrode (CPE) when the concentration of CC was var-
ied from 1 to 200 μM in 0.1 M PBS (pH 7.0), while the HQ
concentration was fixed at 50 μM. With an increasing CC
concentration while holding HQ concentration constant, the
anodic DPV peaks increased monotonically, which indicates
that the oxidation of HQ and CC on ECF//CPE took place
independently. Based on the DPVmeasurements, the dynamic
range for detection of CC was 1–200 μM, and the limit of
detection was determined to be 0.2 μM. Figure 3B shows the
DPV responses on this electrode for different concentrations
of HQwhile keeping the CC concentration constant at 50 μM.
It was observed that the peak current corresponding to oxida-
tion of HQ increased with HQ concentration, whereas the
peak current corresponding to oxidation of CC remained al-
most unchanged. The dynamic range for detection of HQ in
the presence of CC was 1–200 μM, with a detection limit of
0.4 μM. PAN-derived ECFs were also used for simultaneous
detection of the mixture of dopamine (DA), ascorbic acid
(AA), and uric acid (UA), and the mixture of guanine (G)
and adenine (A) [50]. In this study, the authors used ionic
liquids (ILs) as the binder for the ECFs to fabricate the sen-
sors, although the role of ILs in the sensing performance is not
clear. These two studies [38, 50] have demonstrated that as-
synthesized PAN-derived ECFs exhibit high electrochemical
activities towards detection of certain redox-active species.
However, the effects on the sensing performance of one im-
portant factor in the synthesis of ECFs, that is, the thermal
treatment condition, was not examined. Also, the relationship
between the microstructures of carbon fibers and the observed
sensing capabilities was not investigated.

Recently, Mao et al. studied the relationship between the
carbonization temperature and the microstructural and electro-
chemical properties of PAN-derived ECFs [51]. In this study,
carbon nanofibers obtained at a pyrolysis temperature of 1000,
1100, or 1200 °C were denoted as ECF1000, ECF1100, and
ECF1200, respectively. Figure 4 shows evidence of control
over the surface chemistries and electronic structure of these
ECFs through changes in the carbonization temperature. The
XPS C 1 s spectra for ECF1000, ECF1100, and ECF1200 are
shown in Fig. 4A. It can be observed that with a higher car-
bonization temperature the peak position in the spectrum was
located at a lower binding energy. This observation suggests
that the sp2/sp3 ratio of these carbon fibers increased with the
pyrolysis temperature because the sp2 bond has a lower bind-
ing energy compared with the sp3 bond. Quantitatively, the
sp2/sp3 ratio, calculated from deconvolution of the C 1 s spec-
tra, increased from ECF1000 (1.07) to ECF1100 (1.17) to

Fig. 3 DPVs for ECF-CPE in (A) different concentrations (a-j: 1, 2, 5,
10, 40, 80, 120, 160, 200 μM) of CC containing 50 μM HQ and (B)
different concentrations (a–j: 1, 2, 5, 10, 40, 80, 120, 160, 200μM) of HQ
containing 50 μM CC. Insets show the calibration plots of CC and HQ.
Reprinted with permission from Ref [38]. (Copyright Elsevier, 2012)
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ECF1200 (1.41). Based on the Raman spectra (Fig. 4B), it was
concluded that a higher carbonization temperature resulted in
a higher graphite concentration in that the RI ratio (the ratio of
the peak intensity of the D band to the peak intensity of the G
band) decreased with the pyrolysis temperature. A smaller RI
ratio suggests higher sp2 content for carbonaceous materials
[52].

For carbonaceous materials, the density of electronic states
(DOS) near the Fermi level (EF), particularly the density of π
electronic states, dictates the electrochemical activities [53].
Therefore, electron energy loss spectroscopy (EELS) and UPS
were employed to probe the conduction and valence band
structures, respectively. EELS spectra (Fig. 4C) can be used
to investigate the π and σ orbitals of ECFs; excitation of elec-
trons to the π* and σ* states results in the peak from 280 to
288 eV and the broad band from 288 to 311 eV, respectively
[54]. The π/σ ratio increased from 0.10 to 0.12 to 0.14 for
ECF1000, ECF1100, and ECF1200, respectively, indicating
that a higher treatment temperature resulted in a higher density
of π states. The UPS spectra near the Fermi level normalized
by the total integrated intensities are shown in Fig. 4D, from
which it can be seen that the density of π electronic states (that
is, the DOS near EF) for ECF1200 is markedly higher than
those for ECF1100 and ECF1000, whereas the latter two
systems exhibit densities of states that are nearly
indistinguishable.

McCreery [1] has suggested that redox-active systems be
categorized into four different classes, based on how the elec-
tron transfer kinetics are affected by surface conditions of
electrodes. These different classes of redox species are termed
(1) outer-sphere, (2) oxide-sensitive, (3) adsorption-assisted,
and (4) surface-sensitive but not affected by oxide or

adsorption. In the study byMao et al., four redox couples were
selected, Ru(NH3)6

3+/2+, Fe3+/2+, dopamine, and Fe(CN)6
3−/4−,

which are typical examples from each of these four classes. It
was found that the apparent electron transfer rates (k0app) for the
four redox species increased from ECF1000 to ECF1100 to
ECF1200, suggesting that the strategy of controlling electron
transfer kinetics through manipulation of the DOS is effective,
and is a general method that can be applied to different classes
of redox systems. Furthermore, it was found that the ECF sys-
tem with a high DOS (i.e., ECF1200), exhibited high direct
electron transfer (DET) efficiencies with cytochrome c (cyt c),
which is a DET-type redox-active enzyme that has been studied
extensively [55]. Conventional carbon electrodes such as
graphitized fibers, glassy carbon electrodes, and carbon paste
electrodes usually exhibit negligible electrochemical response
towards cyt c. A second DET-type enzyme, horseradish perox-
idase (HRP), was immobilized onto ECF1200; the HRP-
modified ECF1200 (HRP/ECF1200) electrode exhibited
bioelectrocatalytic activities towards detection of hydrogen per-
oxide. From steady-state amperometric measurements, the
H2O2 detection limit of HRP/ECF1200 was estimated to be
1.3 μM.

In another report, PAN-derived ECFs were mixed with
laccase and Nafion for the development of enzymatic biosen-
sors for the detection of catechol (CC) [56]. The sensing per-
formance of the laccase/Nafion/ECF sensor was evaluated by
chronoamperometry. Figure 5A displays the steady-state cur-
rent response of this sensor upon introduction of different
concentrations of CC into an acetate buffer solution (pH =
5.5). The first significant current response was observed upon
addition of 20 nM CC into the buffer solution. The inset in
Fig. 5A shows that 95% of the steady-state current value was
obtained within 2 s, indicating the rapid response of the sensor
toward CC. Figure 5B shows that the steady-state current
values continued to increase with the successive addition of
CC. The inset in Fig. 5B shows the calibration curve, from
which it can be seen that the linear range was 1–1310 μM,
much broader than that for the previously developed sensor
consisting of laccase-modified carbon nanotubes (CNTs) [57].
The laccase/Nafion/ECF sensor had a limit of detection of
0.63 μM, a sensitivity of 41 μA·mM−1, and a Michaelis–
Menten constant of 50.64 μM, which was calculated from
the electrochemical version of the Lineweaver–Burk plot [58].

ECF free of dopants has also been used for detection of
xanthine, a purine base, the detection of which is crucial in
clinical diagnosis and water quality monitoring. Distinguished
by its high electrocatalytic activity and fast amperometric re-
sponse, this ECF-based amperometric sensor could detect
xanthine at a concentration as low as 20 nM, with a dynamic
linear range of 0.03–21.19 μM [59].

Liu et al. reported preparation of nitrogen-doped
electrospun carbon fibers (N-ECFs) from the thermal treat-
ment of electrospun PAN fibers [60]. The key step to

Fig. 4 Effect of carbonization temperature on the nanographite
concentration and density of states for the ECF webs. (A) High resolution
C 1 s spectra (inset: magnification of the dotted rectangular area). (B)
Raman spectra. (C) EELS spectra. (D) UPS spectra showing the density
of electronic states near the Fermi level. Reprinted with permission from
Ref [51]. (Copyright John Wiley and Sons, 2013)
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incorporate N atoms into the carbon fibers was stabilization in
a mixture of NH3 and air at 300 °C for 60 min. The control
sample, ECFs without dopamine, was prepared by stabiliza-
tion in air. Modification of carbon materials with heteroatoms
is expected to result in more defective sites on the surface [61].
The Raman spectra (Fig. 6A) show that the RI value of N-
ECFs (1.942) was larger than that of ECFs (1.850), indicating
that N-ECFs contained more defects. While XPS survey scans
(Fig. 6B) show that N-ECFs contained less N content than did
ECFs, previous studies demonstrate that the catalytic activity
of nitrogen-doped carbons is related to the forms of N-
containing groups rather than the nitrogen content itself [62].
The high-resolution N 1 s spectra of ECFs and N-ECFs are
shown in Fig. 6C and D, respectively. The N spectra can be
deconvoluted into three different forms: graphitic-N (401.4 ±
0.3 eV), pyrrolic-N (400.4 ± 0.3 eV), and pyridinic-N (398.7 ±
0.3 eV) [63, 64]. Pyrrolic-N at the edges of graphene layers
would show higher chargemobility and better donor−acceptor
properties than pyridinic-N and graphitic-N [65]. Based on the
N 1 s spectra, the content of pyrrolic-N was higher in N-ECFs
(42%) than in ECFs (23%). Therefore, N-ECFs should exhibit
higher electrocatalytic activities than do ECFs. In this study,
the authors found that compared with ECFs, N-ECFs exhibit-
ed faster electron transfer kinetics with various redox probes,
and showed a higher catalytic activity for the oxygen reduc-
tion reaction. When the N-ECFs were modified with glucose
oxidase (GOx) to fabricate glucose sensors, the resulting sen-
sor was shown to exhibit a dynamic range from 0.2 to 1.2 mM
and a limit of detection of 0.06 mM.

For electrochemical sensors based on carbon materials,
most previous efforts have concentrated on the improvement
of limits of detection [1, 27, 46, 47, 66–69]. However, very
few reports have focused on the range of detection, another
important aspect for evaluating the sensing performance.
Analysis of undiluted, ‘real world’ samples that span a broad

range of concentrations requires the use of sensors with wide-
range detection capabilities. Such sensors may be particularly
useful for applications such as analysis of water quality [46],
food regulation [49], pharmaceutical analysis [48], and in vivo
sensing in biological media [70–72]. The factor that deter-
mines the upper bound of the detection range of an electro-
chemical sensor is the electroactive surface area (ESA). An
increase in ESA postpones current saturation to higher analyte
concentrations, resulting in a higher upper bound to the dy-
namic range. However, mainly because of their limited ESAs,
most sensors based on carbon electrodes display narrow de-
tection ranges. Traditional carbon electrode systems,

Fig. 5 (A) A representative chronoamperometric profile (up to 400 s) of
laccase/Nafion/ECFs//GCE when catechol solutions were added to an
acetate buffer solution under constant stirring. Inset: enlarged red circle
showing the third addition of catechol. (B) The chronoamperometric

profile (up to 1000 s) of laccase/Nafion/ECFs//GCE with the inset
showing the linear correlation between the current magnitude and the
catechol concentration. Reprinted with permission from Ref [56].
(Copyright Beilstein-Institut, 2014)

Fig. 6 (A) Raman spectra and (B) XPS survey scans of ECFs and N-
ECFs. The high resolution N 1 s spectra of (C) ECFs and (D) N-ECFs.
Reprintedwith permission fromRef [60]. (Copyright American Chemical
Society, 2014)
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including microfabricated carbon films, carbon paste elec-
trodes, and glassy carbon electrodes, display structures of
low porosity, and thus usually have small active surface areas
[1]. A possible way to increase ESAs is through deposition of
CNT or graphene dispersions onto flat electrodes to generate
porous architectures. However, this method requires proper,
sometime complicated, assembly processes to integrate dis-
continuous CNTs or graphene onto substrates.

In a recent study, the unique ability of electrospinning to
produce continuous fibers has been exploited to fabricate all-
carbon electrochemical sensors with high ESAs and thus wide
dynamic ranges [73]. The schematic illustration of the sensor
fabrication procedure is shown in Fig. 7A. First, a thin PAN
film was deposited onto a conductive substrate via spin-coat-
ing. Next, PAN nanofibers were electrospun onto the polymer
film on the substrate. The polymer film between the substrate
and the fibers functioned as an adhesive layer in order to
prevent fiber detachment from the substrate after carboniza-
tion. The substrate was a TORAY carbon paper consisting of
graphitized microfibers, chosen for its stability during high
temperature treatment. The subsequent step was carbonization
of the PAN fibers together with the PAN film at a temperature
of 1200 °C. PAN-derived ECFs carbonized at this temperature
have been reported previously to exhibit high densities of
electronic states and strong electrocatalytic activities towards
a variety of redox-active molecules [51].

Scanning electron microscopy (SEM) imaging shows that
the average diameters of as-spun polymer fibers were around
300 nm (Fig. 7B). After carbonization, because of the mass

loss due to polymer degradation, the resulting carbon fibers
had smaller diameters of around 250 nm (Fig. 7C) [74]. SEM
cross-sectional analysis shows that ECFs seemed to be inter-
connected without the use of binders, and firmly attached to
the substrate (Fig. 7D, E). Additionally, it was observed that
the thickness of the ECFmesh increased from ~60 to ~500μm
when the electrospinning time was increased from 12 to 68 h.
This observation suggests that the quantity of the electroactive
carbon fibers integrated on the substrate could be varied sim-
ply by using different deposition times. The capability of mod-
ulating the loading of ECFs allows for systematic adjustment
of ESA, providing an opportunity to achieve wide-range de-
tection of redox-active analytes. Moreover, unlike most sen-
sors fabricated from as-synthesized CNTs or graphene, the
high electrocatalytic activities of these ECF sensors are readily
obtained by thermal treatment at 1200 °C, without further
modification or activation steps or the need for other non-
carbon ingredients.

The performance of the ECF sensors was evaluated using
dopamine as the model analyte to be detected. A variety of
carbon electrodes have been used for dopamine sensing, and
thus the sensing properties of the ECF sensors can be com-
pared with those of previously reported sensing devices. The
sensor composed of substrate-supported continuous ECFs,
prepared by 12 h of electrospinning deposition, exhibited an
extremely wide dynamic range for DA detection (0.2 to 700,
000 μM) and a detection limit (0.08 μM) that is comparable
to, or better than, the sensitivities of many sensors based on
carbon nanotubes [75–86] or graphene [87–93].

Fig. 7 (A) Schematics of the
fabrication procedure of an ECF
sensor. (B,C) SEM images of (B)
as-spun polymer fibers and (C)
carbonaceous fibers after thermal
treatment. (D, E) Cross-sectional
SEM images of the ECF sensors
with an electrospinning
deposition time of (D) 12 and (E)
68 h. Insets: magnification of the
dotted rectangular areas.
Reprinted with permission from
Ref [73]. (Copyright American
Chemical Society, 2014)
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Metal nanoparticle-decorated ECFs

In this section, we discuss metal nanoparticle (NP)-decorated
ECFs prepared by varying the composition of the precursor
solution prior to electrospinning. Easy incorporation of metal
nanoparticles is another advantage of the fabrication process
based on electrospinning. The general procedure is to dissolve
metal salts into the precursor polymer solution and convert the
metal salt to metal nanoparticles during the thermal treatment.
Therefore, this NP incorporation process is not restricted to
the defect sites on the surface of ECFs, which is an important
requirement for the deposition of metallic nanoparticles onto
carbon nanotubes and other types of carbon fibers [94–96]. In
most cases, the metal nanoparticles are the active components
that impart electrocatalytic activities, and the NP-ECF hybrids
can function as nonenzymatic sensors for analytes that are
usually detectable by redox enzymes.

Pd-ECF hybrids were prepared by thermal treatment of
electrospun PAN-Pd(acetate)2 (Pd(Ac)2) composite nanofi-
bers [97]. The fibers were electrospun from a precursor poly-
mer solution with the dissolved metal salt (4.8 wt% Pd(Ac)2
and 8 wt% PAN in DMF). The thermal treatment consisted of
three steps: stabilization of PAN fibers in air at 230 °C, reduc-
tion of Pd2+ in H2/Ar mixture at 300 °C, and carbonization of
PAN fibers in Ar at 1100 °C. X-ray diffraction (XRD)
(Fig. 8A) confirms that the metallic Pd phase was generated
in the Pd-CNF hybrids. The diffraction peaks labeled with Pd
shown in this figure could be indexed to the cubic phase of Pd,
while diffraction peaks close to 26°, 42°, 44°, 59°, and 77°
were assigned to the (002), (100), (101), (103), and (110)
planes of graphite (JCPDS, No. 13-0148), respectively. The
interlayer spacing in Pd-ECF (d002 = 0.341 nm) was bigger
than the value for graphite (0.335 nm), indicating the
turbostratic nature of these carbon fibers [98]. The effective
incorporation of Pd NPs could be visualized by SEM images
(Fig. 8B, C), which show that the Pd NPs were either depos-
ited on the fiber surface or embedded inside these fibers. TEM
analysis (Fig. 8D) shows well-dispersed spherical Pd nanopar-
ticles with an average diameter of ~70 nm.

The Pd-ECF hybrids can be used directly for electrochem-
ical sensing of H2O2. Figure 9 shows the representative
current-time response of Pd-ECF//CPE at a fixed potential of
0.2 V (versus Ag/AgCl) upon successive introduction of hy-
drogen peroxide into nitrogen-saturated PBS (pH = 7.0) under
constant stirring. It is noteworthy that the Pd-ECF//CPE sen-
sor exhibited fast response when the analyte was introduced to
the PBS solution; 95% of the steady-state current could be
attained within less than 5 s. This response time was shorter
than those of sensors reported previously [57, 99, 100]. The
Pd-ECF sensor exhibited a detection range from 0.2 μM to 20
mM and a sensitivity of 4.15 mA mM–1 (Fig. 9A, inset). This
dynamic range was broader than those of previously reported
devices [101]. Figure 9B shows that the Pd-ECF sensor

exhibited a limit of detection of 0.2 mM, which was signifi-
cantly lower than those of the peroxidase-incorporated biosen-
sors [99, 102], and Ag NP-based sensors [103]. The authors
attributed the high sensitivity and broad detection range to (1)
the three-dimensional framework composed of the Pd NP-
decorated ECFs, which facilitates both ion diffusion and elec-
tron transport, and (2) the intrinsic properties of these Pd nano-
particles that result in strong electrochemical activities

Fig. 8 (A) XRD pattern, (B) SEM image, (C) high magnification SEM
image, and (D) TEM image of Pd-ECF nanocomposites. Reprinted with
permission from Ref [97]. (Copyright John Wiley and Sons, 2008)
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towards detection of hydrogen peroxide. It is worth mention-
ing that the Pd-ECF//CPE sensor avoids some major issues
associated with H2O2 sensors based on peroxidases or redox
mediators, such as deactivation of enzymes and leaching of
mediators.

Most recently, Lu et al. incorporated nickel into electrospun
carbon nanofibers using a similar method as described above,
where metal salts are dissolved in polymer precursors and
converted to metal nanoparticles via thermal treatment. The
resulting nickel-loaded carbon nanofibers are used to detect
simultaneously the nucleic acids, guanine and adenine, two
important components of the DNA double helix [104]. Spe-
cifically, the Ni-CNFs were fabricated by electrospinning a
precursor mixture containing PAN/Ni(Ac)2/Zn(Ac)2 in DMF.
Subsequent carbonization allowed the gasification of zinc ox-
ide and resulted in a porous ECF with embedded Ni nanopar-
ticles. The Ni-CNFwas then electrochemically deposited onto
a glassy carbon electrode (GCE) to serve as the sensing probe.
With this electrode, guanine and adenine were detected as two
well-defined and sharp oxidation peaks in 0.1 M PBS (pH 4)
buffer. A linear range of 0.05–2 μM, with a detection limit of

0.03 μM, was achieved for both guanine and adenine,
independently.

Procedures similar to the process discussed above to gen-
erate Pd-ECF hybrids have been used to modify electrospun
carbon fibers with other metal NPs, including Ni [41, 45], Rh
[44], Mn [42], and Pt [105]. These metal NP-ECF hybrid
systems have been explored for the development of nonenzy-
matic electrochemical sensors for the detection of various im-
portant biologically relevant analytes, such as glucose, para-
cetamol, and H2O2.

In other cases, metal nanoparticle-loaded ECFs have also
been combined with redox enzymes to develop enzymatic
sensors. Li et al. reported a phenolic biosensor based on a
hybrid system that consisted of polydopamine (PDA), laccase
(Lac), and nickel nanoparticle-loaded carbon nanofibers (Ni-
ECFs) [106]. The fabrication process for the PDA-Lac-Ni-
ECF hybrid is illustrated schematically in Fig. 10. The Ni-
ECFs were shortened before mixing with other ingredients.
Next, a mixture of Lac and Ni-ECFs was added to a
dopamine-containing acetate buffer solution (pH = 5.5) with
constant stirring. Polymerization of dopamine occurred at
room temperature in this mixture and the resulting
polydopamine encapsulated the Lac on the surface of the Ni-
ECFs. The PDA-Lac-Ni-ECF hybrid was deposited onto a
magnetic glassy carbon electrode (MGCE); the PDA-Lac-
Ni-ECF//MGCE was used as the sensor. As a control sample,
PDA-Lac//MGCE was prepared in a similar fashion, with
identical quantities of PDA and Lac.

To highlight the advantage of using Ni-ECFs, the au-
thors compared the sensing performances of the PDA-
Lac-Ni-ECFs//MGCE and PDA-Lac//MGCE using
steady-state chronoamperometry to monitor the current

Fig. 9 (A) A representative chronoamperometric profile of Pd-ECF//
CPE with successive addition of different concentrations of hydrogen
peroxide into N2-saturated PBS (0.1 M, pH = 7.0). Inset: linear
correlation between the current response and the H2O2 concentration
between 0.2 μM and 20 mM. (B) The detailed current-time response of
Pd-ECF//CPE at a fixed potential of 0.2 V (versus Ag/AgCl) in the
presence of low concentrations of hydrogen peroxide. Reprinted with
permission from Ref [97]. (Copyright John Wiley and Sons, 2008)

Fig. 10 Schematic illustration of the fabrication processes of PDA-Lac-
Ni-ECF composites and the resulting sensors. Reprinted with permission
from Ref [106]. (Copyright American Chemical Society, 2014)
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response when different concentrations of catechol (CC)
were introduced to an acetate buffer solution (pH = 5.5)
under stirring (Fig. 11A). The enlarged image for 0 to 500 s
is shown in the inset in Fig. 11A. It can be clearly seen
from Fig. 11 that in the presence of the same concentra-
tions of CC, significantly higher currents were obtained on
PDA-Lac-Ni-ECF//MGCE than on PDA-Lac//MGCE.
These results indicate the important role of Ni-ECFs in
the sensor to facilitate electron transfer between the sub-
strate electrode and the analyte. Figure 11B shows the cor-
responding calibration curves for PDA-Lac-Ni-ECFs//
MGCE and the PDA-Lac//MGCE; the former had a detec-
tion limit of 0.69 μM, significantly more sensitive than that
of the latter (2.8 μM). PDA-Lac-Ni-ECFs//MGCE exhibit-
ed negligible current responses towards other phenolic
compounds (including catechin, epicatechin, gallic acid,
guaiacol, phenol, and aminophenol), indicating its excel-
lent selectivity for catechol. In another study on the devel-
opment of ECF-based enzymatic sensors [107], ECFs load-
ed with copper nanoparticles were mixed physically with
Lac and Nafion, followed by deposition on a GCE. The
resulting Cu/CNF/Lac/Nafion//GCE biosensor was used
for the detection of catechol. This sensor exhibited a de-
tection limit of 1.18 μM, lower than the value for the con-
trol system that does not contain copper nanoparticles (i.e.,
ECF/Lac/Nafion//GCE).

In addition to metal nanoparticles, graphene particles have
been incorporated into ECFs to improve the biosensing activ-
ities of these fibers [39]. The sensor containing graphene-
loaded ECFs was found to be effective in the selective detec-
tion of dopamine in the presence of uric acid and ascorbic
acid. Based on square-wave voltammetry (SWV) measure-
ments, this sensor displayed a linear dynamic range from 0.5
to 100 μM and a detection limit of 70 nM.

ECFs post-treated with wet chemical processes

In this section, we discuss post-treatment of ECFs using wet
chemical processes to introduce biosensing capabilities. These
modification methods are not restricted to electrospun carbon
fibers, and can be applied to other types of carbon materials
such as carbon nanotubes, graphene, and CVD-grown carbon
fibers.

Huang et al. [40] reported a seed-growth reduction process
to immobilize Ag−Pt bimetallic nanoparticles onto ECFs
(Fig. 12). First, as-spun bicomponent PAN/PVP fibers were
extracted with water to remove the PVP component, followed
by thermal treatment to carbonize the PAN component, gen-
erating porous carbon nanofibers. Second, a free-standing
pristine ECF mat was immersed into a AgNO3 aqueous solu-
tion, followed by reduction of Ag+ using a NaBH4 solution.
Next, the Ag-ECFmat was dipped into a H2PtCl6·6H2O aque-
ous solution to induce the partial replacement of Ag with Pt,
resulting in ECFs loaded with Ag-Pt bimetallic nanoparticles
(Ag−Pt-ECFs). TEM imaging (Fig. 13) shows that Ag−Pt
bimetallic nanoparticles (also confirmed by elemental map-
ping) with an average size of 6 nm were uniformly distributed
on the ECF surfaces. The lattice fringes with an interlayer
distance of 0.23 nm (inset of Fig. 13) correspond to the mean
value of the (111) planes of the face-centered cubic Ag-Pt.
Such results show that the (111) plane is the main exposed
facet, and the observed nanoparticles were identified as a met-
al alloy of Ag and Pt atoms [108].

The Ag-Pt-ECFs were then deposited onto GCE to test the
electrocatalytic activities of these fibers towards dopamine.
Figure 14 shows the representative differential pulse volt-
ammetry (DPV) curves obtained at Ag−Pt-ECFs//GCE in
the presence of various concentrations of dopamine. The in-
crease in the DPV peak current with increasing dopamine

Fig. 11 (A) Current-time profiles of (1) PDA-Lac-Ni-ECF//MGCE and
(2) PDA-Lac//MGCE at a fixed potential of 0.4V (versus Ag/AgCl) upon
successive injection of catechol solutions into an acetate buffer solution.
The inset shows an enlarged image of the data in the blue rectangle. (B)

The nonlinear calibration curves for (1) PDA-Lac-Ni-ECF//MGCE and
(2) PDA-Lac//MGCE. Reprinted with permission from Ref [106].
(Copyright American Chemical Society, 2014)
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concentration indicates that Ag−Pt-ECFs//GCE could be used
to detect DA quantitatively. The corresponding calibration
curve is shown in Fig. 14 inset, from which it can be seen that
the magnitude of the peak current exhibited a linear relation-
ship with the dopamine concentration from 10 to 500μM.The
detection limit for dopamine sensing was found to be 0.11 μM
for the Ag−Pt-ECFs//GCE sensor.

In another study, a controllable wet-chemical method was
used for post-modification of as-synthesized ECFs to fabricate
Pt nanoparticle-loaded carbon fibers for H2O2 sensing appli-
cations [109]. Without any pretreatment, the as-carbonized

fibers could be easily modified with Pt nanoparticles by im-
mersing the ECFs into a H2PtCl6 solution followed by reduc-
tion using HCOOH. In this modification process, the H2PtCl6
concentration had a remarkable effect on the morphologies of
the Pt-ECF hybrids. The SEM images of Pt-ECF hybrids pre-
pared using solutions with different H2PtCl6 concentrations
are shown in Fig. 15. With 1 mM H2PtCl6, a uniform distri-
bution of Pt nanoparticles on the carbon fiber surface without
aggregation was attained. When the concentration was at 2
mM, a complete surface coverage of Pt was achieved, but at
the expense of a possible weakening of the anti-fouling prop-
erties attributed to the carbon surfaces. Several species in the
Breal world^ samples, such as chloride anions, amino acids,
and proteins, are known to adhere strongly to the electrode

Fig. 12 Schematic illustration of
the preparation of Ag-Pt-ECFs.
Reprinted with permission from
Ref [40]. (Copyright American
Chemical Society, 2014)

Fig. 13 TEM images of Ag-Pt-ECFs and the corresponding elemental
mappings. Inset: high-resolution TEM of Ag-Pt bimetallic nanoparticles.
Reprintedwith permission fromRef [40]. (Copyright American Chemical
Society, 2014)

Fig. 14 Differential pulse voltammetric profiles of Ag-Pt-pECFs//GCE
in the presence of different dopamine concentrations in nitrogen-saturated
PBS. From top to bottom, the dopamine concentration is 10, 30, 50, 100,
250, 500 μM. Inset: the linear calibration curve. Reprinted with
permission from Ref [40]. (Copyright American Chemical Society, 2014)
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surface, particularly the surface of platinum. Severe electrode
fouling can render the surface inaccessible to the target ana-
lyte. Carbon surfaces are usually resistant to surface fouling.
When using a very high H2PtCl6 concentration (3 mM), large
chunks of Pt particles with irregular shapes were formed, pos-
sibly leading to low catalytic efficiencies and poor reproduc-
ibility in terms of the sensing performance. Therefore, 1 mM
was proposed to be the optimal concentration for modification
of ECFs with Pt nanoparticles. The steady-state amperometric
response of the Pt-ECF sensor to successive injections of
H2O2 is shown in Fig. 16. It is evident that the sensor
displayed rapid responses to different concentrations of
H2O2 from 1 to 800 μM; the detection limit was found to be
0.6 μM.

Lin et al. reported a method to prepare Pd nanoparticle-
loaded ECFs by electrodeposition of Pd onto electrospun
carbon fibers, for use as sensing materials for detection of
H2O2 and NADH [110]. The TEM images of the as-
prepared ECFs and Pd-ECF hybrids are shown in
Fig. 17A, B. The ECFs without modification showed
smooth surfaces, whereas the Pd-ECF hybrids exhibited

interesting dendritic Pd structures, which were also ob-
served by SEM (Fig. 17C). A possible growth mechanism
of the dendritic Pd structures on the carbon fiber surface is
illustrated schematically in Fig. 18. In the initial stage, Pd
nuclei on the fiber surface were generated through the
electroreduction process by application of a negative po-
tential to the carbon fiber electrode (Fig. 18A), followed by
the growth of the nuclei to supercritical clusters (Fig. 18B).
With increasing electrodeposition time, Pd clusters grew
along the <111> direction (Fig. 18C), mainly because
SO4

2−, which was present in the deposition solution, pref-
erentially adsorbed on the Pd (111) surfaces, disturbing
their growth in the direction that is normal to the (111)
plane [111, 112]. Such preferential adsorption of SO4

2−

on the (111) surface of a metal has also been observed with
a Pt (111) electrode [113]. It was found that the ECFs with
the dendritic Pd clusters exhibited higher current responses
towards H2O2 and NADH than did the ECFs with spherical
Pd particles, although the sensing performances of these
Pd-ECF sensors, such as the detection limit and the dynam-
ic range, were not investigated in this study.

Fig. 15 SEM images of the Pt-
ECF electrodes prepared from a
precursor solution that contains
H2PtCl6 with the concentration of
(A) 1 mM, (B) 2 mM, and (C) 3
mM. Panels (D), (E), and (F) are
the enlarged SEM images of
panels (A), (B), and (C),
respectively. Reprinted with
permission from Ref [109].
(Copyright Elsevier, 2011)
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Summary

Electrospun carbon fibers represent a class of one-dimensional
meso- or nano-structured carbon materials that can be pre-
pared by a facile and flexible process consisting of
electrospinning of precursor solutions and subsequent carbon-
ization. The development of ECF-based electrochemical sen-
sors with high sensitivities, high selectivity, and wide detec-
tion ranges is of importance in both chemical and biological
industries for a variety of applications, such as water treat-
ment, clinical chemistry, and bioprocessing.

Manipulation of carbonization conditions is the main strat-
egy to improve sensing capabilities of ECFs. This strategy
consists of the fewest number of processing steps and requires
no additional functional components such as metal nanoparti-
cles. An understanding of the relationship between carbon
microstructures and thermal treatment conditions is necessary
for the development of sensors using this method. However,
the sensing capabilities introduced here are limited by the
intrinsic properties of carbon materials. As a result, analytes
that respond only to non-carbon components (e.g., gold nano-
particles, enzymes) cannot be detected using sensors fabricat-
ed by this strategy. Another important method to impart sens-
ing functionalities into ECFs is through incorporation of metal
nanoparticles by variation of the composition of the precursor
solution. This method makes use of the electrochemical activ-
ities of the metallic components, thereby providing sensing

capabilities for certain analytes that cannot be detected direct-
ly by carbon-based sensors alone. On the other hand, the in-
creased cost due to the use of metals such as Pt is a disadvan-
tage of this method. Another strategy to develop ECF sensors
is through post-functionalization of as-synthesized ECFs with
electroactive components. Such functionalization is usually
achieved by wet chemical processes, which are flexible
enough to create, for instance, metal nanoparticles with com-
plicated morphologies and chemical compositions (e.g., syn-
thesis of bimetallic particles, generation of dendritic metal
structures). These types of electroactive components are diffi-
cult to fabricate by control over the composition of the pre-
cursor solution. However, the post-treatment procedures usu-
ally require that the as-spun ECFs be milled to break up the
fibers, which may compromise the electron transfer properties
relative to those of continuous carbon fibers. Modifications
strategies such as control over thermal treatment conditions
and post-treatment by wet chemical processes can also be
applied to other types of carbon materials such as carbon
nanotubes and graphene. However, variation of the composi-
tion of the precursor solution prior to electrospinning is a
method that works almost exclusively for ECFs. Compared
with CNT- or graphene-based sensing materials, ECFs with
electrochemical activities introduced by the three structural
modulation strategies discussed above enjoy several advan-
tages, such as ease of fabrication, controllable morphology
and porosity by changing the electrospinning conditions,

Fig. 16 A representative
chronoamperometric profile of
the Pt-ECF electrode at a fixed
potential of 0 V (versus Ag/AgCl)
with successive injection of
hydrogen peroxide at (A) low
concentrations and (B) 0.1 mM.
Inset of (B) shows the linear
relationship between the current
and the H2O2 concentration.
Reprinted with permission from
Ref [109]. (Copyright Elsevier,
2011)

Fig. 17 TEM images of (A) ECF and (B) Pd-ECF. The inset in (B) shows
the electron diffraction pattern of the TEM image. (C) SEM image of Pd-
ECF prepared from a deposition potential of −0.2 V (versus Ag/AgCl)

and a deposition time of 4 h. Reprinted with permission from Ref [110].
(Copyright Springer, 2011)
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and, in the cases of integrated fiber mats, good electron trans-
port properties due to the continuous nature of ECFs.

ECF-based sensing devices are prepared by either drop-
casting of fiber-containing suspensions onto substrates, or
through the use of free-standing fiber mats. Generally, sensors
prepared by the first method exhibit a lower background cur-
rent, a higher sensitivity, and better fabrication reproducibility,
whereas sensors fabricated by the second approach usually
have larger electroactive surface areas and, thus, afford a
wider detection range, but also show poor fabrication repro-
ducibility. One strategy to combine the advantages from both
types of methods is to electrospin polymer fibers directly onto
a conductive substrate followed by carbonization of the
substrate/fiber assembly, generating substrate-supported con-
tinuous fibers. Electrochemical sensors prepared via this route
have been shown to display a high sensitivity, a wide detection
range, and good fabrication reproducibility [73].

ECF-based sensors have been used for detection of a range
of biologically relevant molecular systems, including ascorbic
acid, maltose, glucose, fructose, catechol, dopamine, paracet-
amol, formaldehyde, L-cysteine, sucrose, hydrazine, L-tyro-
sine, uric acid, hydrogen peroxide, hydroquinone, L-trypto-
phan, and xanthine. The general principles for improving the
electrochemical biosensing performance of ECF-based mate-
rial systems include (1) control over the intrinsic electronic
properties of polymer-derived carbon materials such as va-
lence and conduction band structures, and (2) addition of
non-carbon functional ingredients that display electrochemi-
cal activities and selectivity towards specific types of analytes.

ECFs have been used for the development of both enzy-
matic and nonenzymatic sensors. For certain types of analytes
such as H2O2 and glucose, the carbon fibers usually do not
display any electrochemical activity and, thus, incorporation
of enzymes having catalytic activity towards these molecules
is necessary. In these cases, the role of the carbon fiber is to
serve as a conductive substrate for transferring electrons to the
redox-active enzymes. Additionally, the porous structures
resulting from the fiber assemblies are conducive to accom-
modation of enzymes. The electron transfer efficiencies be-
tween ECFs and enzymes can be enhanced by modulation of
the electronic structure of the carbon fibers, particularly the
DOS at the Fermi level, through control of the carbonization
conditions when treating as-spun polymer fibers. Metal

nanoparticle-loaded ECFs can usually function as nonenzy-
matic sensors since the metallic components usually exhibit
very high electrocatalytic activities for a range of redox mol-
ecules that cannot be detected by the carbon component alone.
Compared with enzymatic sensors, nonenzymatic sensors en-
joy advantages such as high stability and low cost.

ECFs can potentially be used as immobilization matrices
for biorecognition agents to detect antibodies, antigens, and
DNAs. Based on highly specific interactions between sensors
and analytes, immunosensors and DNA hybridization sensors
are especially attractive; these sensors can be assembled by
incorporating biorecognition agents into carbon nanofibers
with which to bind certain analytes selectively, such as anti-
bodies and receptors for nucleic acids, or oligonucleotides.
The molecular recognition of those sensors relies solely on
the complementary size and shape of the binding site to the
analyte. The inherent specificity of biorecognition agents to
the target analytes often results in excellent selectivity for
detecting individual analytes in a mixture [114]. Carbon nano-
fibers produced by methods other than electrospinning have
been used as immobilization matrixes for antigens or antibod-
ies because of their excellent electron transfer kinetics, bio-
compatibility [68], large surface area, high concentration of
surface active groups, and abundance of edge-plane sites
[115]. Recently, a carbon nanofiber-based immunosensor for
recombinant bovine somatotropin was developed by site-
directed immobilization of antibodies onto commercial
screen-printed carbon nanofiber electrodes that were fabricat-
ed via chemical vapor deposition [116]. A detection limit of 1
pg/mL with a linear dynamic range of 1 pg/mL to 10 ng/mL
was achieved. To the best of our knowledge, carbon nanofi-
bers that were fabricated via electrospinning have not been
reported for immunosensor or DNA sensor applications.
However, electrospun carbon nanofibers can potentially be
easily incorporated as the immobilization matrix, which may
allow further optimizations and developments that are enabled
by the versatility of the electrospinning technique and carbon-
ization process.

Outlook

While significant progress on ECF-based sensing materials
has been achieved, there is still significant room for a detailed

Fig. 18 Schematic illustration of
a possible growth mechanism of
dendritic Pd structures on an ECF.
(A) Formation of seeding nuclei.
(B) Supercritical cluster
formation. (C) Generation of
dendritic structures. Reprinted
with permission from Ref [110].
(Copyright Springer, 2011)
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study into the fundamentals of ECF electrochemistry, and ad-
ditional challenges must be addressed before ECF-based de-
vices can be fully commercialized. Modeling of the electro-
chemistry of carbon based on its electronic structures is im-
portant for a fundamental understanding of the performance of
carbon-based sensors. For ECF systems, PAN is the most
commonly used precursor; carbonization of PAN at tempera-
tures of 700 to 1500 °C results in turbostratic, defect-rich
carbon structures, and the choice of the carbonization temper-
ature has a significant impact on the electronic structure of the
carbon fibers. One of the most important factors governing the
heterogeneous electron transfer (HET) activities of an elec-
trode material is its electronic structure; the efficiencies of
electron exchange at an electrode/electrolyte interface depend
strongly on the overlap between the energy levels of the elec-
trode material and the redox states in solution [1, 117, 118].
However, quantitative relationships between the electronic
structure of ECFs and their electrochemical activity are rarely
presented. The electrochemistry of ECFs with tunable elec-
tronic properties can be modeled by the Gerischer-Marcus
(GM) theory [119–121], which provides a quantitative de-
scription of the DOS dependence of electrode kinetics. Ac-
cording to the GM formulism, HET on ECFs is not restricted
to the Fermi levels of the interacting species only, but rather is
dictated by the DOS of the carbon fibers and the distribution
of the redox states in the solution phase. More specifically, the
HET rate constant can be specified quantitatively based on the
overlap of the valence band (or conduction band) DOS of the
carbon fiber and the distribution of the unoccupied (or occu-
pied) redox states in solution [119–121]. Also, such a model
can be used to delineate the relationship between the electron
transfer rate and the overpotential, which may provide valu-
able insights into the detailed electronic properties of the elec-
trode systems, such as the fingerprints of the distinct van Hove
singularities for single-walled carbon nanotubes [26, 121].
Furthermore, theoretical models that relate selectivity of car-
bon electrodes to their electronic properties are scarce, and
progress in this direction is desired, to establish general design
principles and develop useful descriptors for carbon-based
electrochemical biosensing materials.

A second area for further investigation is the role of the
synergistic effects between the carbon and non-carbon com-
ponents. It has been found that significant chemical coupling
between inorganic nanoparticles and carbon nanotubes or
graphene resulted in modulation of the electronic properties
of each individual component; such modulation serves to pro-
vide the resulting hybrid systems with strong electrochemical
activities toward oxygen reduction reactions (ORRs) [102,
103, 114]. For example, CoO-carbon nanotube hybrids [122]
and CoO-graphene [123] have been reported to function as
effective electrocatalysts for ORR. Perturbation of the elec-
tronic structure of electrode materials should change their
electrochemical activity towards redox-active molecules, as
predicted by electron transfer theory. There it can be expected
that the coupling effects between ECFs and various metal
nanoparticles should play an important role in the sensing
performance in the resulting hybrids. The coupling effects
could be elucidated by evaluation of the variation in electronic
structure before and after modification of carbon fibers with
other non-carbon functional ingredients, using spectroscopic
techniques such as UPS, EELS, carbon K-edge, and metal L-
edge XANES. In principle, modification strategies that influ-
ence electronic structure of ECFs are expected to affect their
sensing performance. To date, the modification methods that
have been applied to ECFs are limited to variations in carbon-
ization conditions and incorporation of metal nanoparticles. It
is of interest to study other methods that perturb the carbon
electronic structure, such as doping with heteroatoms, con-
trolled oxidation, and adsorption of polyelectrolytes or
surfactants.

Due to the surface heterogeneity of ECFs, special emphasis
should be placed on the interpretation of the electron transfer
kinetics obtained on these fibers. In most cases, the surfaces of
ECFs consist of areas of different electrochemical activity
such as edge defects versus basal planes, and carbon supports
versus metal nanoparticles. Use of advanced in situ surface
characterization methods such as electrochemical microscopy
and spectroscopy with spatial resolution may be helpful for
detailed examination of the dependence of electron transfer
processes on the surface heterogeneity.
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In addition to the aforementioned aspects related to the
fundamentals of ECF electrochemistry, there are also several
challenges regarding the practical applications of ECF-
sensing devices that must be addressed. First, the scale-up
ability and cost-effectiveness of the ECF production and sen-
sor fabrication processes should be considered. Recently, free
surface or Bneedle-less^ electrospinning [34] has been report-
ed to be able to generate high-quality fiber mats with good
reproducibility and high productivity. However, for producing
metal nanoparticle-decorated fibers that have been proven to
be useful for electrochemical detection of various biologically
relevant molecules, complicated customized multi-fluidic
nozzles or multi-step post-treatment procedures are necessary,
which increases the complexity and cost of mass manufactur-
ing. Second, long-term stability is an important factor in the
overall performance of electrochemical sensors. For cases
where metal nanoparticles contribute dominantly to the sens-
ing performance, electrochemical stability of these metallic
components should be evaluated. For enzymatic sensors, pres-
ervation of the bioactivity of enzymes immobilized on ECFs
is a prerequisite for practical applications and, thus, should be
studied. Additionally, the anti-fouling properties of electro-
chemical sensors are a major concern for use in testing with
Breal world^ samples. Although carbon fibers are usually re-
sistant to surface fouling, incorporation of electroactive metal
species such as Pt nanoparticles may reduce this resistance.
Many species that are present in the real world samples, such
as chloride anions, amino acids, and proteins, are known to
adhere strongly to the surface of platinum. Moreover, the het-
erogeneous electron transfer kinetics on carbon surfaces are
affected significantly by inadvertent adsorption of contami-
nants. Therefore, for ECF systems, particularly those decorat-
ed with metal nanoparticles, evaluation of the tolerance to
electrode fouling is recommended. Unfortunately, the sensing
performances of ECF-based devices are rarely evaluated with
respect to Breal world^ samples. To demonstrate utility, the
reported detection limit should be compared with the common
concentration ranges of analytes in practical applications. For
example, 0.04 μg-equivalents/mL of hydroquinone has been
reported to be safe for daily human intake [124]. Meanwhile,
hydroquinone has been found at 0.2 ppm in coffee, 0.5 ppm in
red wine, 0.2–0.4 ppm in wheat cereals, and 0.1 ppm in broc-
coli [125]. The plasma reference concentration of dopamine in
supine adults is less than 10 ng/mL (0.065 nmol/L) [126]. The
therapeutic dose of acetaminophen in serum is 5 to 20 mg/L,
but approaches toxic levels already when the concentration is
higher than 25–150 mg/L. The glucose concentration in hu-
man tears is around 5–148 μM [127]. For fertility testing, the
normal concentration of fructose in semen is 13 μM [128].
According to the US Environmental Protection Agency, the
low threshold limit value of hydrazine, a probable human
carcinogen, is 10 ppb [129]. To compete successfully with
other existing devices at these levels, improvements in the

sensing performance of ECF-based devices are still needed;
CNT- or graphene-based biosensors [130–147] have already
been shown to exhibit lower detection limits for various redox
systems than those for ECF sensors (Fig. 19). The excellent
performance and established design principles of CNT- and
graphene-based sensors are mainly attributed to (1) the high
consistency and reproducibility in the fabrication of CNTs and
graphene-based sensing materials, and (2) strong correlation
between the electronic structures of nanotubes and graphene
and their electrochemistry. For ECF sensors, the issue of high
LODs generally arises from the large background currents and
inconsistency in device fabrication. Therefore, to increase the
competitiveness of ECF-based devices, special attention
should be paid to the device-to-device variability, careful eval-
uation of the microstructural and electronic properties, and
minimization of background currents through control of sur-
face chemistry/structures and fiber load masses.
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