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ABSTRACT: A novel β-phase polyvinylidene difluoride (PVDF) nanofibrous membrane
decorated with multiwalled carbon nanotubes (MWCNTs) and platinum nanoparticles
(PtNPs) was fabricated by an improved electrospinning technique. The morphology of the
fabricated PVDF−MWCNT−PtNP nanofibrous membrane was observed by scanning
electron microscopy, and the formation of high β-phase in the hybrid nanofibrous
membrane was investigated by Fourier transform infrared spectroscopy and differential
scanning calorimetry. The uniform dispersion of MWCNTs and PtNPs in the PVDF
hybrid nanofibrous membrane and their interaction were explored by transmission
electron microscopy and X-ray diffraction. For the first time, we utilized this created
PVDF−MWCNT−PtNP nanofibrous membrane for biosensor and catalysis applications.
The nonenzymatic amperometric biosensor with highly stable and sensitive, and selective
detection of both H2O2 and glucose was successfully fabricated based on the electrospun
PVDF−MWCNT−PtNP nanofibrous membrane. In addition, the catalysis of the hybrid
nanofibrous membrane for oxygen reduction reaction was tested, and a good catalysis
performance was found. We anticipate that the strategies utilized in this work will not only guide the further design of functional
nanofiber-based biomaterials and biodevices but also extend the potential applications in energy storage, cytology, and tissue
engineering.
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■ INTRODUCTION

In recent years, electrochemical biosensors have attracted much
attention due to their importance in both basic and applied
studies.1 With the development of biotechnology and nano-
technology, the functional biological sensor devices, including
enzyme sensor,2 microbial sensor,3 immunosensor,4 tissue
sensor,5 and DNA sensor,6 have shown huge growth potential
and space. Among them, the analytical determination of
hydrogen peroxide (H2O2) and glucose raised extensive
attention, which are mainly ascribed to their extended
applications in diabetes mellitus, pharmacy, clinical analysis,
and food examination.7−10 Compared to the conventional
biosensors, many novel biosensors have been fabricated based
on the novel design concepts and emphasis. For instance, many
techniques, such as enzyme modification,11,12 fluorescence
labeling,13 magnetism,14 molecular imprinting,15 and electro-
chemistry,16 have been employed to detect glucose previously.
It is well-known that electrochemical detection (enzymatic and
nonenzymatic) of H2O2 and glucose is facile, stable, and
effective.1,16,17 In addition, the enzymatic sensor has some
obvious disadvantages like low sensitivity, unstable immobiliza-
tion, long response time, and short service life.2,18 Therefore,
the nonenzymatic electrochemical sensor has attracted more

interest due to its simplicity, high stability, and good
reproducibility.19,20

During the fabrication and application of nonenzymatic
electrochemical sensors, the selection of a suitable catalyst for
detection plays an important role. Metal nanoparticles (MNPs)
are the major promising candidates for the fabrication of
electrochemical sensors. It has been reported that Au, Ag, Pt,
Pd, Cu, and Ni nanoparticles and their derivatives possess very
good electrochemical activity toward H2O2 and glucose, and
these MNPs have been widely used as biosensor materials.21−26

PtNPs occupy the most important and irreplaceable position
due to their excellent electrochemical performances. In
addition, PtNPs are of interest because of their high stability
and activity for oxygen reduction reaction (ORR). Some of the
most successful ORR catalysts to date (such as the Pt/Au
cathodes) have contained Pt-based metals.27,28 Meanwhile,
carbon nanotubes (CNTs) have been also widely used as ideal
catalyst supporting materials due to their unique electrical,
mechanical, structural, and chemical properties.29−31 Therefore,
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combinations of CNTs with PtNPs have been carried out to
synthesize CNT−PtNP hybrids with enhanced electrochemical
performances.32−36 For example, Luong et al. fabricated an
electrochemical glucose biosensor based on combining PtNPs
with single-walled carbon nanotubes (SWCNTs),32 and this
biosensor revealed higher sensitivity than that fabricated with
pure PtNPs and CNTs. Shen and co-workers constructed a Pt−
CNT biosensor with the incorporation of glucose oxidase
within the Pt−CNT−silicate matrix33 and found that the
fabricated biosensor responded more sensitively to glucose than
CNT- and PtNP-based biosensors.
Electrospinning is a useful technique that can be utilized to

create CNT−MNP nanofibrous hybrids. Electrospinning has
been used as an efficient technique for the fabrication of
polymer or polymer matrix multifunctional hybrid nanofibers
with length-controlled, oriented, uniform diameter and high
surface to mass ratios.37 However, until now only very few
studies focused on the nonenzymatic electrochemical bio-
sensors and biocatalysts fabricated by electrospinning the
polymer−CNT−MNP nanofibrous membrane on electro-
des.38−40 Previously, we created the polyurethane nanofibers
filled with CNTs and AgNPs by electrospinning and applied
the created hybrid nanofibers for the H2O2 biosensor.

41

Polyvinylidene difluoride (PVDF) and its copolymers have
been utilized as sensors, actuators, energy generators, and
switches because of its piezo-, pyro-, and ferroelectric
properties.42−44 As a typical example of an organic piezoelectric
semicrystalline polymer, PVDF with β crystal structure has
good piezoelectric property uniquely. To obtain high β-phase
PVDF, some techniques like high-pressure crystallization,
uniaxial hot stretching, and high voltage polarization have
been employed.45,46 Recent developments on the fabrication of
ferroelectric fibers using electrospinning have opened up new
exciting opportunities for the preparation of fiber-based
nanodevices.47,48 For example, Andrew et al. demonstrated
the effects of the electrospinning processing on the formation
of the α- and β-phase PVDF.48 It can be clearly demonstrated
that electrospinning is simple, efficient, and eco-friendly
compared with other techniques. We expected that the
fabrication of β-phase PVDF membrane doped with MWCNTs
and PtNPs will benefit the creation of functional hybrid
nanofiber-based devices with piezo-, pyro-, and ferroelectric
properties and further promote their potential applications in
biosensors and electrocatalysis.
Herein, we first utilized an improved electrospinning

technique to directly fabricate a novel piezoelectric β-phase
PVDF hybrid nanofibrous membrane decorated with
MWCNTs and PtNPs (PVDF−MWCNT−PtNP) on glass
carbon electrodes (GCEs), which can serve as the functional
materials for H2O2 and glucose nonenzymatic biosensors and
oxygen reduction reaction (ORR) catalysis. Our technique for
preparing functional devices is environmentally friendly, time
saving, highly efficient, and highly reproducible. With the help
of electrospinning, MWCNTs can be well dispersed and
aligned in the created PVDF nanofibers, which can facilitate
both the electron transfer and the uniform dispersion of PtNPs
along nanofibers. In addition, the electrospun nanofibrous
membranes are three-dimensional structures with high surface
area ratio to volume, which is beneficial to the adsorption of
electrolytes and the diffusion of reactants. The special structure
features result in highly stable, sensitive, and selective detection
of H2O2 and glucose. Moreover, a good catalysis performance
for ORR was demonstrated. Our results not only demonstrate

the powerful ability of electrospinning for creating β-phase
PVDF nanofibers but also confirm the good performances of
the electrospun PVDF−MWCNT−PtNP nanofibrous mem-
brane as biosensors and catalyst.

■ EXPERIMENTAL SECTION
Materials. MWCNTs (>90% purity, OD 10−15 nm, ID 2−6 nm,

length 0.1−10 μm), PtNPs (<50 nm particle size), and D-(+)-glucose
(≥99.5% purity) were purchased from Sigma-Aldrich. Ascorbic acid
(AA), uric acid (UA), and dopamine (DA) were obtained from J&K
Scientific Ltd. (Beijing, China). PVDF (MW = 600 000, product
model FR904) powder was supplied by Shanghai 3F New Material
Co., Ltd. (Shanghai, China) and used as-received. N-Dimethylforma-
mide (DMF), H2O2 (analytical grade, 30% aqueous solution), acetone,
potassium hydroxide (KOH), disodium hydrogen phosphate
(Na2HPO4), and sodium dihydrogen phosphate (NaH2PO4) were
purchased from Beijing Chemicals Co., Ltd. (Beijing, China). All
chemicals used in this work were analytical reagents and obtained from
commercial sources and directly used without additional purification.
The water used was purified through a Millipore system (∼18.2 MΩ·
cm).

Electrospinning PVDF, PVDF−PtNP, PVDF−MWCNT, and
PVDF−MWCNT−PtNP Nanofibers. To prepare spinning solutions
with different components, the solvent has been made using a mixture
of DMF and acetone (3:2, v/v). PtNPs and MWCNTs were first
dispersed in the mixture solvent with an ultrasonic cleaner operating at
40 kHz for 1.5 h. Then the weighed PVDF was added and dissolved in
the dispersions. Finally, the resulting dispersions were homogeneous
and stable after ultrasonication for 1.5 h. Four types of spinning
solutions (PVDF, PVDF−PtNP, PVDF−MWCNT, and PVDF−
MWCNT−PtNP) were prepared successfully. The concentrations of
PVDF, MWCNTs, and PtNPs were 11, 1, and 0.1 wt % in all the
solutions, respectively. These dispersions were loaded into plastic 10
mL plastic syringes with a 16 gauge blunt tip needle and were
dispensed at a rate of 0.3−0.5 mL·h−1 during electrospinning. All the
samples were electrospun with an applied voltage of 12 kV at a
distance of 12 cm from the needle tip to the collector surface of tinfoil.

Preparation of Nanofibrous Membrane Modified GCE. The
homemade electrospinning setup utilized in this work is schematically
shown in Figure 1. We added a pair of parallel auxiliary electrodes

between the spinneret and drum collector. The two symmetric,
rectangular, and auxiliary aluminum electrodes were operated at a high
voltage of the same polarity as the needle but with an adjustable
potential controlled by another independent high voltage power
supply. The parallel placed auxiliary electrodes can generate a
symmetrical auxiliary electric field that can damp the bending
instability of the electrospinning jet perpendicular to the direction of
alignment, to enable aligned deposition. GCE was fixed on the drum
collector, and both the drum collector and GCE were connected to the
ground. To make sure to spin fibers onto the surface of GCE, we made
a promotion on the standard electrospinning setup by adding a pair of
parallel auxiliary electrodes. It takes 2 min to deposit the nanofibers
onto the surface of the GCE for each sample. The GCE was polished

Figure 1. Schematic of the electrospinning apparatus for preparing
nanofibrous membrane modified GCE.
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with 1 and 0.3 μm alumina slurry before electrospinning and then
successively washed with ethanol and distilled water in an ultrasonic
bath. Finally, the fabricated nanofibrous membrane modified GCEs
were dried in air for biosensor application.
Characterization Techniques. SEM experiments were performed

on a JSM-6700F scanning electron microscope (JEOL). The sample
surface was coated with a thin Au layer to protect the surface layers
from ion beam damage. TEM images were taken by a Tecnai G220
transmission electron microscope (FEI) with an accelerating voltage of
200 kV, and samples were prepared by directly electrospinning onto
the copper grid. Differential scanning calorimetry (DSC, PerkinElmer-

Diamond), Fourier transform infrared spectroscopy (FTIR, Nicolet
6700, Thermo-Fisher, USA), and X-ray diffraction (XRD, Rigaku D/
max-2500 VB+/PC) were used to compare the morphologies and
structures of PVDF, PVDF−PtNP, PVDF−MWCNT, and PVDF−
MWCNT−PtNP hybrid nanofibrous membranes.

Electrochemical Experiments and Biosensor Platform. All the
electrochemical experiments were carried out using an electrochemical
workstation (CHI760D, Chenhua, Shanghai) at room temperature. A
conventional three-electrode system was employed with a modified
GCE as a working electrode, a Pt wire as an auxiliary electrode, and a
KCl saturated calomel electrode (SCE) or Ag/AgCl electrode as a

Figure 2. SEM images of electrospun PVDF hybrid membranes with different nanofillers (MWCNTs or PtNPs): (a) pure PVDF, (b) PVDF−PtNP,
(c) PVDF−MWCNT, and (d) PVDF−MWCNT−PtNP.

Figure 3. TEM photographs of (a) PVDF, (b) PVDF−PtNP, (c) PVDF−MWCNT, and (d) PVDF−MWCNT−PtNP hybrid nanofibers.
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reference electrode. The test solution in biosensor application was
phosphate buffer solution (PBS, 0.1 M) with pH = 7.6, which was
prepared with 0.1 M NaH2PO4 and 0.1 M Na2HPO4 and
deoxygenated with highly pure nitrogen for 20 min before electro-
chemical experiments. The test solution in electrocatalysis application
was KOH solution (0.1 M) under deoxygenating with highly pure N2
or rich-oxygenating with highly pure O2 for 1 h. The curves of cyclic
voltammograms (CVs) in this work were collected after six scan
numbers under steady-state conditions. Amperometric measurements
were carried out under stirred conditions.

■ RESULTS AND DISCUSSION

Morphology Characterization of Electrospun Nano-
fibrous Membranes on GCEs. The morphologies of the
electrospun PVDF, PVDF−PtNP, PVDF−MWCNT, and
PVDF−MWCNT−PtNP nanofibrous membranes on GCEs
were observed by SEM first. It can be clearly seen that all the
fabricated nanofibrous membranes are three-dimensional
porous structures. In addition, the electrospun nanofibers of
both PVDF and PVDF−MWCNT are uniaxial-oriented, and
the surface of the nanofibers is smooth, as seen in Figure 2a and
c. The width of the nanofibers is about 150−300 nm. In
contrast, the surface of the PVDF−PtNP hybrid nanofibers is
rough, on which there are many obvious nodules (Figure 2b).
We suggest that these nodules are ascribed to the aggregation
and heterogeneous distribution of PtNPs in PVDF nanofibrous
substrate. It is surprising that the electrospun PVDF−
MWCNT−PtNP hybrid nanofiber is less rough and with less
distinct nodules compared to the PVDF−PtNP nanofiber
(Figure 2d). It can be concluded that the MWCNTs have
nonspecific interaction with PtNPs, which result in the
favorable distribution of PtNPs in the PVDF matrix.
The dispersion of PtNPs and MWCNTs in PVDF nanofibers

was further investigated with TEM, and the corresponding

result is shown in Figure 3. Pure PVDF nanofiber without
further hybridization is smooth (Figure 3a). After introduction
of PtNPs into the PVDF nanofibers, it is clear that the PtNPs
disperse throughout the PVDF matrix discretely (Figure 3b).
The TEM image of electrospun PVDF−MWCNT nanofibers
indicates that the MWCNTs are aligned and oriented along the
axis of PVDF nanofibers (Figure 3c). Due to the high
elongation of the polymer jet during the electrospinning
process, the CNTs tend to orient along the fiber axis and are
embedded in the fiber core.49,50 Therefore, electrospinning is
an efficient processing method to produce CNT−polymer
nanofibers with the CNTs orienting to the axes of the as-spun
nanofibers. There is a fast growing interest in applying this
technique to produce nanofibers using various polymers. In
addition, it is interesting that the PtNPs tend to attach onto the
side walls of MWCNTs, and at the same time MWCNTs serve
as bridges to connect the dispersive PtNPs together in PVDF−
MWCNT−PtNP hybrid nanofibers (Figure 3d and its insets).
The assembly of MWCNTs and PtNPs can effectively facilitate
the electron transfer, thus boosting the conductivity and
improving the electrocatalytic performance of the fabricated
materials.

Crystalline Phase Determination of PVDF. The optical
photographs of the four electrospun PVDF-based membranes
on aluminum foil are displayed in Figure 4a. We can see all
membranes are continuous, uniform, and porous. However, the
difference in appearance between different membranes can be
identified distinctly, in which the block points and gray
appearance result from the additives of MWCNTs and PtNPs.
It is known that PVDF has five different crystalline phases: α, β,
γ, δ, and ε.51 Among these crystalline phases, the most common
one is the α-phase, while only the polar β-phase can perform
strong piezoelectric polarization for functional devices.

Figure 4. Crystalline phase characterizations of electrospun PVDF-based hybrid nanofibers: (a) optical photographs, (b) FTIR spectra, (c) DSC
thermograms, and (d) XRD patterns.
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The formation of high piezoelectric β-phase in hybrid
nanofibers was determined with FTIR, DSC, and XRD,
respectively. Figure 4b presents the FTIR spectra of PVDF-
based hybrid membranes by doping different components.
Usually, the peaks appearing at 765, 1178, and 1393 cm−1 are
attributed to the α-phase, while the peaks at 840, 879, 1073,
and 1401 cm−1 are indexed to the β-phase.52,53 It should be
noted that the characteristic -phase absorption bands that are
commonly seen for bulk PVDF are not evident in the spectra
recorded for the electrospun nanofibers. To investigate the
crystallization behavior of PVDF upon the electrospinning and
incorporation of MWCNTs and PtNPs, the first heating DSC
traces of PVDF hybrid nanofibers and PVDF drop casting film
were carried out. As shown in Figure 4c, the melting

temperature (Tm) obtained from the endothermic peak is 163
°C for pure PVDF drop casting film, and the Tm of all
electrospun samples shows an obvious shift toward higher
temperature compared to the cast sample, which indicates that
the high extension of the electrospun jet can induce the
crystallization of PVDF and cause an increase in the
crystallinity, like the strain-induced crystallization. Also, the
addition of MWCNTs and PtNPs into the PVDF nanofibers
leads to a slight shift toward lower Tm, as well as a decrease of
crystallinity. We suggest that the addition of MWCNTs and
PtNPs prevents the polymer from forming perfect crystals and
results in the depression of Tm.

54

Figure 4d shows the XRD patterns of the obtained
nanofibrous membranes. The peaks reveal characteristic

Table 1. Effects of the Electrospinning Process on the Crystallinity and the Contents of α- and β-Phase of PVDF

samples crystallinity/% content of α phase/% content of β phase/%

PVDF−drop casting 62.32 82.4 17.6
PVDF−electrospun 77.16 18.1 81.9
PVDF−PtNP 70.51 25.7 74.3
PVDF−MWCNT 73.37 22.6 77.4
PVDF−MWCNT−PtNP 72.79 23.2 76.8

Figure 5. Electrochemical H2O2 biosensing: (a) CVs of GCEs modified with PVDF, PVDF−PtNP, PVDF−MWCNT, and PVDF−MWCNT−PtNP
hybrid nanofibrous membranes. (b) I−T response of PVDF−MWCNT−PtNP hybrid nanofibrous membrane modified GCE in 0.1 M PBS with
successive addition of H2O2 at 0.6 V vs SCE. (c) Calibrated line. (d) Selectivity of biosensor. (e) Reusability and (f) long-term storage stability in
response to 5 mM H2O2.
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reflections of both the α- and β-phase at 18.4°, 20.2°, 36.1°,
39.8°, and 56.3° for the PVDF substrate prepared by drop
casting.47 However, it is obvious that the peak at 20.2° (β-
phase) for the four electrospun membranes is of strongest
intensity compared to that of other peaks, and the peak at 18.4°
(α-phase) becomes weaker. We suggest that the electrospun
samples have the β-phase as the dominant crystal phase.
Furthermore, the other related peaks are not seen obviously,
which may suggest that a crystalline transition from the α- to β-
phase occurs by electrospinning. In addition, the four strong
diffraction peaks for PVDF−PtNP and PVDF−MWCNT−
PtNP hybrid nanofibrous membranes are observed at 39.7°,
46.2°, 67.5°, and 81.3°, which could be associated with the
(111), (200), (220), and (311) planes of the embedded PtNPs,
respectively (JCPDS no. 87-0640). Furthermore, we calculated
the crystallinity and α- and β-phase contents of the drop casting
and four electrospun samples. As shown in Table 1, the
contents are consistent with the upward analysis. With the high
voltage and high-speed rotating drum collector, the stretch and
polarization effects are imposed on the nanofibers. Separately,
the intensive stretch can transform the crystal morphology from
the α- to β-phase, and the polarization progress can rearrange
the dipole moment along the electric field. On the basis of the
above results of FTIR, DSC, and XRD, we prove that the
electrospinning process leads to the variation of crystalline
structure of PVDF and enhances the β-phase of created PVDF
nanofibers.
Biosensor Applications. In a previous report, Halaoui and

co-workers investigated the assembly of 2.5 nm random arrayed
polyacry l a te -capped PtNPs assembl ing in po ly -
(diallydimethylammonium chloride) and further explored its
potential application for amperometric detection of H2O2.

23

We expected that the combination of PtNPs with MWCNTs
will improve the conductivity and catalysis performance of the
electrospun hybrid nanofibrous membrane. In our study, all the
nanofiber-modified GCEs were fabricated by directly electro-
spinning the PVDF−MWCNT−PtNP nanofibers onto the
polished GCEs in 2 min. Then we investigated the as-spun
hybrid nanofibrous membrane as a novel material for
fabricating electrochemical H2O2 and glucose biosensors, as
well as ORR catalyst.
Figure 5a displays the typical CVs of PVDF, PVDF−PtNP,

PVDF−MWCNT, and PVDF−MWCNT−PtNP nanofibrous
membrane modified GCEs in the presence of 5 mM H2O2. It is
clear that both PVDF and PVDF−MWCNT membrane
modified GCEs show no redox processes, and the PVDF−
PtNP modified GCE presents a small current response and a

broad reduction peak. Meanwhile, the PVDF−MWCNT−
PtNP nanofibrous membrane modified GCE demonstrates a
reduction peak at about 0.6 V with an obvious positive shift for
both the onset potential and current peak. Therefore, we
selected 0.6 V as the applied potential for I−T measurement.
Figure 5b shows a stable response over the long period test and
rapid increase in the cathodic current as a result of the
reduction of H2O2 upon adding H2O2 solutions with different
concentrations. The calibration curve (Figure 5c) indicates a
regular response to H2O2, and the range of the H2O2 detection
is from 0.1 to 75 mM. Compared to previous reports toward
the H2O2 sensor, our H2O2 biosensor has a similar low
detection limit of about 0.61 μM.9,11

The selectivity test of this H2O2 biosensor is shown in Figure
5d, which compares the amperometric response for three
relevant electroactive species, such as ascorbic acid (AA), uric
acid (UA), and dopamine (DA). No interference and response
was observed at the potential of 0.6 V, indicating the high
selectivity toward the detection of H2O2. The reuse stability of
the PVDF−MWCNT−PtNP hybrid nanofibrous membrane
modified GCE was also assessed in Figure 5e, showing that the
repeated usage of the created biosensor is possible, at least 6
times. Significant reduction in current after 7 times of use is
depicted, which may be ascribed to the detachment of the
membrane from the electrode. Furthermore, the long-term
stability of the PVDF−MWCNT−PtNP hybrid nanofibrous
membrane modified GCE was explored over a 15-day period
(Figure 5f). The fabricated sensor was stored in the refrigerator
at 4 °C and measured every 2−4 days. The result shows that
the catalytic current response maintains more than 95.5% of its
initial value in response to 5 mM H2O2 after 15 days, indicating
an acceptable stability of our H2O2 biosensor.
The potential application of the PVDF−MWCNT−PtNP

nanofibrous membrane modified GCE for glucose sensing was
also carried out. Although the glucose sensor has been studied
for many years, the high sensitivity, high stability, and low limit
of detection are still the eternal goals for the design.55

Electrospinning is a completely new and facile technique for
fabricating the nonenzymatic glucose biosensor.
Figure 6a shows the CVs of the PVDF−MWCNT−PtNP

hybrid nanofibrous membrane modified GCE upon adding
glucose solutions with different concentrations. It is clear that
the two peak potentials located at −0.41 and −0.19 V keep
stable with the change of the concentrations of analytes. The
intensity of the oxidation peak (−0.19 V) increased, while the
intensity of the reduction peak (−0.41 V) decreased with the
raising of glucose concentrations. We suggest that this change

Figure 6. Electrochemical glucose biosensing: (a) CVs of GCEs modified with the PVDF−MWCNT−PtNP hybrid nanofibrous membrane under
different glucose additions. (b) I−T response of the PVDF−MWCNT−PtNP hybrid nanofiber modified GCE in 0.1 M PBS with successive addition
of glucose at −0.413 V vs SCE.
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should be attributed to the successful redox processes by the
catalysis of the hybrid nanofibrous membrane. In addition, I−T
measurement with the applied potential of −0.41 V was carried
out, and the rapid current response ranged from 15 to 100 mM
(Figure 6b). It should be noted that, compared to H2O2
detection, the sensing performance of this biosensor for
glucose is not very good, and it may be ascribed to two
possible reasons. The first reason is that the hybrid nanofibrous
membrane was attached not so strongly to the GCE in the test
solution, and the other one is that the matrix polymer prevents
the transport of electrons. In spite of this, the one-step
electrospun nonenzymatic glucose sensor without calcination
has several distinct advantages such as easy fabrication, high
stability, time saving, and good reproducibility. The optimal
experimental designs for better glucose biosensor performance
are ongoing in our group.
ORR Catalysis Application. As the most active catalyst

toward ORR, Pt-based metals have been widely studied
recently. On the basis of the above characterizations, we
know that MWCNTs are examined to act as wires for good
electron transfer. In addition, PVDF can serve not only as the
matrix but also as a binder in lithium-ion batteries.56,57

Combining these three materials with private unique properties,
the easy-prepared, stable, and high-efficiency ORR biocatalyst
can be fabricated by electrospinning with high expectations.
Figure 7a shows the CVs of the fabricated PVDF−

MWCNT−PtNP nanofibrous membrane modified GCE in
N2- and O2-saturated 0.1 M KOH solution, respectively. Two
well-defined peaks are present at −0.37 and −0.81 V in the O2-
saturated solution, while only a low capacitive current is
presented in the N2-saturated solution. To detect the catalysis
property of the hybrid nanofiber membrane, the CVs of a bare
GCE and PVDF−PtNP−, PVDF−MWCNT−, and PVDF−
MWCNT−PtNP hybrid nanofibrous membrane modified
GCEs in O2-saturated 0.1 M KOH solution are presented in
Figure 7b. For the bare GCE and PVDF−PtNP− and PVDF−
MWCNT−modified GCEs, the electrochemical reduction
starts at −0.45, −0.26, and −0.38 V, respectively. However,
the PVDF−MWCNT−PtNP hybrid nanofibrous membrane
modified GCE exhibits more positive onset potential (−0.14 V)
and much larger reduction current for the ORR. This result
greatly demonstrates the superior electrochemical ORR activity
of the created PVDF−MWCNT−PtNP hybrid nanofibrous
membrane. We suggest that the improved ORR activity is
related to the special nanostructure of the created hybrid
nanofibrous membrane. The nanoporous structure may
maintain very high specific surface area, and the basic building

blocks (PtNPs and MWCNTs) can provide enough active
reaction sites, which activate the adsorption of O2 on the
surface of the hybrid nanofibrous membrane and promote the
ORR process efficiently.58,59

■ CONCLUSIONS

In summary, we demonstrated a facile and efficient electro-
spinning technique to fabricate a novel piezoelectric β-phase
PVDF−MWCNT−PtNP nanofibrous membrane on GCE and
further investigated the potential applications as H2O2 and
glucose biosensors, as well as for ORR catalysis. Compared to
the previous reports, our strategy for producing hybrid
nanofibrous membranes has several advantages, such as
environmentally friendly, time saving, and highly efficient.
Electrochemical data indicate that the PVDF−MWCNT−PtNP
nanofibrous membrane performs good electrosensing activity
toward H2O2 and glucose. The prepared biosensor based on
this hybrid nanofibrous membrane shows a wide linear range,
low detection limitation, high selectivity, and long-term
stability. Moreover, excellent electrocatalysis as ORR catalyst
was displayed. Several factors, such as the uniform dispersion of
PtNPs, the axial orientation of CNTs, and the improved β-
phase of PVDF, are the main reasons for promoting the
electrochemical and eletrocatalysis properties of the electro-
spun PVDF−MWCNT−PtNP nanofibrous membrane. We
believe that this electrospinning technique can be utilized to
prepare other multifunctional nanomaterials, and the fabricated
piezoelectric PVDF−MWCNT−PtNP nanofibrous membrane
will have wide applications in actuator, generator, water
purification, and energy storage.
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