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Fabrication, characterization and sensor application of
electrospun polyurethane nanofibers filled with carbon
nanotubes and silver nanoparticles

Zhaofei Ouyang,†a Jingfeng Li,†ab Jinhui Wang,a Qian Li,a Tongyang Ni,a

Xiaoyuan Zhang,a Haixia Wang,a Qing Li,b Zhiqiang Su*a and Gang Wei*b

We reported here the electrospinning preparation of polyurethane nanofibers filled with carbon

nanotubes and silver nanoparticles (PU–MWCNT–AgNP) and the subsequent fabrication of a novel non-

enzymatic amperometric biosensor for analytical determination of hydrogen peroxide. The

morphologies of the as-spun PU–MWCNT–AgNP hybrid nanofibers were observed by scanning and

transmission electron microscopy. The interaction between MWCNTs and AgNPs in the electrospun

nanofibers was studied by differential scanning calorimetry and dynamic mechanical analysis. The cyclic

voltammetry experiments indicate that PU–MWCNT–AgNP nanofiber modified electrodes have high

electrocatalytic activity on hydrogen peroxide, and the chronoamperometry measurements illustrate

that this electrospun sensor has high sensitivity for detecting hydrogen peroxide. Our study further

confirms the remarkable synergistic effect of MWCNTs and AgNPs on the significant improvement of

the conductivity of electrospun nanofibers and the electrocatalytic activity, as well as the sensitivity of

the fabricated non-enzymatic sensor. Under an optimal experimental condition, the created biosensor

for detecting hydrogen peroxide has a sensitivity of 160.6 mA mM�1 cm�2, a wide linear range from 0.5

to 30 mM and a detection limit of 18.6 mM (S/N ¼ 3), which indicates that this novel and simple

strategy for fabricating electrochemical sensor by an electrospinning technique has wide potential

applications in bio-analysis and detection.
1 Introduction

In recent years, the analytical determination of hydrogen
peroxide (H2O2) has attracted growing attention, ascribable to
both the fact that it is the end product of many enzymatic reac-
tions and that it is essential in food, pharmaceutical, clinical and
environmental analysis.1–4 Many techniques, such as spectro-
photometry,5 chemiluminescence,6 and electrochemistry,7,8

have been employed for the determination of H2O2 previously.
Among these methods, electrochemical detection has become
the research focus due to its simplicity and low cost. Particularly,
the non-enzymatic electrochemical sensor has attracted more
interest compared to the enzyme-based sensors due to its
simplicity, high stability and good reproducibility.9,10

It has been reported that metal nanoparticles (MNPs), such
as Ag, Au, and Pt, exhibit good electrocatalytic activity toward
H2O2.11–15 For instance, Guascito et al. reported an
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amperometric sensor prepared by drop-casting AgNPs capped
in a PVA colloidal suspension onto a Pt electrode, and found
that AgNPs were able to improve electrocatalytic properties of
the created sensor.15 Meanwhile, carbon nanotubes (CNTs) have
been widely used as an ideal catalyst supporting material since
its discovery,16,17 due to their large surface-to-volume ratio and
the ability to promote electron transfer reactions. Therefore, to
further improve the performance of the electrochemical H2O2

sensor, CNTs were also employed to modify the electrodes. In
the past years, CNT–MNP nanohybrids have been synthesized
and used for the fabrication of H2O2 sensors.18–21 To prepare the
CNT–MNP nanohybrids, electrochemical, chemical and phys-
ical methods have been employed.4,22–25 However, most of these
methods are verbose and complex, requiring different kinds of
chemicals, irradiations and templates.4,23 For example, in the
study of Wu et al.,24 gamma-ray irradiation was employed to
functionalize multi-walled CNTs (MWCNTs), and MWCNT–
polymer–Ag hybrids were synthesized relying on covalently
bonded polymers. Wei et al. immobilized hemoglobin (HGB)
onto the surface of MWCNTs and used the prepared MWCNT–
HGB as a bio-inspired template to mediate the formation of Pt
NPs, creating MWCNT–PtNP nanohybrids.25 Therefore, it is
desirable to develop a simple, mild and effective strategy to
prepare well dispersed CNT–MNP nanohybrids.
J. Mater. Chem. B, 2013, 1, 2415–2424 | 2415
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Fig. 1 Structure of PU used in this work.
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Electrospinning is known as a simple process technique to
synthesize multifunctional, hierarchically organized polymer-
functional material hybrid nanobers with exceptionally long
length, uniform diameter and large surface area.26 It has been
widely used in the preparation of enzyme-based electrochemical
sensors.27–30 However, relatively few examples of non-enzymatic
electrochemical sensors based on electrospun nanober
modied electrodes have been reported.31,32 For example, Liu
et al. reported an electrochemical sensor by casting carbon
nanobers (CNFs) suspension onto the surface of a carbon
paste electrode (CPE).31 The CNFs were prepared through
calcinations of electrospun polyacrylonitrile (PAN) nanobers.
More recently, in the report of Wang et al.33 hollow CuO parti-
cles have been prepared by the combination of electrospinning
and thermal treatment processes, and then fabricated a H2O2

sensor by dropping CuO particles–Naon–water suspension
onto the surface of a well-polished CPE. Obviously, both of the
thermal treatment processes and the traditional casting
method were employed in their work,31–33 which, however, could
result in some drawbacks. Although the hybrid nanobers
would be more conductive by calcinations, the MNPs might
agglomerate, and the brous morphologies of hybrid nano-
bers could be destroyed through the elevated temperature
treatment processes, which would negatively affect the electro-
chemical properties of the sensors.

Herein, we propose a new and facile method to create
combinations of CNTs and MNPs by electrospinning, and
fabricate a H2O2 non-enzymatic biosensor by directly electro-
spinning the polymer–CNT–MNP nanobers onto the surface of
a glassy carbon electrode (GCE). This strategy has many obvious
advantages. It is very simple and fast without the use of thermal
treatment processes and traditional casting methods, as well as
the complex processes to fabricate well dispersed CNT–MNP
nanohybrids; and no enzyme is used. In our work, considering
the high electrocatalytic activity towards H2O2 and the low
cost,34 AgNPs were selected as the redox mediators. PU was
employed as the polymer matrix due to its good spinnability and
mechanical properties.35,36 By simply blending the suspension
of modied MWCNTs and commercialized AgNPs with the
PU electrospinning solutions and then electrospinning, PU–
MWCNT–AgNP hybrid nanobers were successfully prepared.
We found that the AgNPs were successfully adsorbed onto the
surface of MWCNTs, and the MWCNTs were well dispersed and
aligned in the nanobers. The interaction between MWCNTs
and AgNPs in the electrospun nanobers was thoroughly
investigated through differential scanning calorimetry (DSC)
and dynamic mechanical analysis (DMA) tests. Their synergistic
effect was also explored by testing the electrical conductivity of
the hybrid nanobers. Based on the advantages of MCNTs and
AgNPs for detection of H2O2, the created PU–MWCNT–AgNP
hybrid nanobers were then directly electrospun onto the
surface of a GCE to fabricate a non-enzymatic amperometric
biosensor for highly sensitive detection of H2O2.

The electrochemical results not only conrm the remarkable
synergistic amplication effect of MWCNTs and AgNPs in the
electrospun nanobers on H2O2 detection, but also reveal the
superiority of our electrospinning method over the traditional
2416 | J. Mater. Chem. B, 2013, 1, 2415–2424
casting method in preparation of electrochemical sensors. By
electrospinning, MWCNTs can be well dispersed and aligned in
the nanobers, which can facilitate both the electron transfer
and the uniform dispersion of AgNPs along the nanobers. In
addition, the electrospun nanobrous membranes are highly
porous, which are benecial to the adsorption of electrolytes
and the diffusion of reactants. Both features can help to
improve the electrocatalytic activity of electrodes.
2 Experimental section
2.1 Reagents and materials

MWCNTs (>98% purity, 10–20 nm in diameter and �15 mm in
length), AgNPs (particle size < 100 nm, 99.5% tracemetals basis)
and Naon solution (�5% in a mixture of lower aliphatic
alcohols and water) were purchased from Sigma-Aldrich. Hexa-
uoroisopropanol (HFIP, >99.5% purity) was obtained from
Lianyungang Tetrauor New Materials Co., Ltd. (Jiangsu,
China). Disodium hydrogen phosphate (Na2HPO4), sodium
dihydrogen phosphate (NaH2PO4), ethanol, ascorbic acid (AA),
uric acid (UA), dopamine (DA) and glucose were purchased from
Beijing Chemicals Co., Ltd. (Beijing, China). H2O2 (analytical
grade, 30% aqueous solution) was supplied by Tianjin Dong-
fang Chemical Plant (Tianjin, China). The water used was
puried through a Millipore system (�18.2 MU cm). Carbon-
coated Cu grids for transmission electron microscopy (TEM)
characterization were purchased from Plano GmbH (Wetzlar,
Germany). PU, which was synthesized from dicyclohexyl-
methylmethane-4,40-diisocyanate, polycaprolactone glycol and
1,4-butanediol, was kindly provided by the Yantai Wanhua
Beijing Research Institute (Beijing, China), and its structure is
depicted in Fig. 1, according to the previous report.37
2.2 Electrospinning of PU–AgNP, PU–MWCNT and PU–
MWCNT–AgNP nanobers

To uniformly disperse MWCNTs in the PU matrix, MWCNTs
were rstly oxidized by heating and reuxing in a mixture of
concentrated H2SO4 and HNO3 (3 : 1, v/v) for 24 h. Then AgNPs
and the modied MWCNTs were dispersed in HFIP using an
ultrasonic cleaner operating at 40 kHz for 30 min, respectively.
The resulting dispersions were homogeneous and stable.
Meanwhile, PU was dissolved in HFIP to form a uniform
transparent solution. Then the dispersions of AgNPs and
modied MWCNTs were mixed with PU solutions by stirring,
forming four types of spinning solutions (PU, PU–MWCNT, PU–
AgNP, and PU–MWCNT–AgNP). The concentrations of PU were
This journal is ª The Royal Society of Chemistry 2013
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3 wt% in all the solutions, while the concentrations of MWCNTs
in the PU–MWCNT samples were various with 0.5, 1 and 1.5
wt%, and those of AgNPs in the PU–AgNP samples were various
with 0.1, 1, 3 and 5 wt%. For the PU–MWCNT–AgNP samples the
concentrations of MWCNTs were xed to be 0.5 wt% and the
concentrations of AgNPs varied from 0.1 to 5 wt% as mentioned
above. These dispersions were then loaded into plastic 10 mL
syringes with an 18 gauge blunt tip needle and were dispensed
at a rate of 0.1–0.3 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.
2.3 Preparation of electrospun nanober modied GCE

To prepare the nanobrous membrane modied GCE, the
nanobers were directly electrospun onto the surface of GCE.
The electrospinning setup is schematically shown in Fig. 2, in
which the tinfoil and GCE were both connected to the ground. It
took two minutes to deposit the nanobers onto the surface
of GCE for each sample. Before electrospinning the GCE was
polished with a wet abrasive paper (2000 mesh), then rinsed by
sonication in ethanol and water in turn. Aer electrospinning,
the nanober modied GCE was dried in a vacuum oven at
room temperature for next tests.
2.4 Preparation of Naon, MWCNT–Naon, AgNP–Naon
and MWCNT–AgNP–Naon modied GCEs by the casting
method

To demonstrate the highly electrocatalytic performance of our
electrospun nanober modied electrodes, Naon, MWCNT–
Naon, AgNP–Naon and MWCNT–AgNP–Naon modied
GCEs were prepared by traditional casting methods with the use
of Naon solution as control experiments. 4 mL of sample
ethanol solutions (MWCNT, AgNP, and MWCNT–AgNP) was
dropped onto the surface of pretreated GCEs and then dried in
air. Aer that, 2 mL of Naon was cast onto the electrodes to
avoid the leakage of the materials. The Naon modied GCE
was prepared by directly casting 6 mL of Naon–ethanol solution
(containing 2 mL Naon) onto the surface of electrode. The
concentration ratio of MWCNTs and AgNPs in the MWCNT–
AgNP–Naon modied GCE was 0.5 wt% to 5 wt%; and the
amount of Naon used to modify the GCE in each experiment
was the same, maintaining 2 mL. These Naon, MWCNT–
Fig. 2 Schematic of the electrospinning apparatus for preparing the nano-
fibrous membrane modified GCE.

This journal is ª The Royal Society of Chemistry 2013
Naon, AgNP–Naon and MWCNT–AgNP–Naon modied
GCEs were used for the electrochemical tests.
2.5 Experimental techniques

Morphologies of the electrospun nanobers were determined
through a Hitachi S-4700 scanning electron microscope (SEM,
Japan) at 20 kV. TEM images were taken by a JEOL 3010 electron
microscope (JEOL Ltd., Tokyo, Japan) at 300 kV coupled with
energy dispersive X-ray (EDX) spectroscopy. For the TEM char-
acterization the samples were spun directly on copper grids
coated by a holey carbon lm.

DSC was conducted on a Mettler-Toledo DSC 822e under a
nitrogen atmosphere. The heating rate of the scans was 10 �C
min�1, from 20 to 250 �C. DMA was performed on a Perkin-
Elmer DMA-7 (Norwalk, CT) at a frequency of 1 Hz. The
temperature dependence of the storage modulus and the loss
tangent were measured in the temperature range between �80
and 100 �C at a heating rate of 3 �C min�1. Samples with
dimensions of 12 � 3 � 0.06 mm3 were used for the tests.

The conductivity of the nanober sheets wasmeasured using
an impedance analyzer (Agilent 4294A) over a frequency range
of 103 to 106 Hz. The square nanober sheets with an area of 1
cm2 were sputter-coated by a K-550X sputter coater with Au on
both sides before testing.

All electrochemical experiments were performed on a CHI
660A electrochemical workstation (CH Instruments, Shanghai,
China) at room temperature. A conventional three-electrode
system was employed with a bare or modied GCE as the
working electrode, a Pt wire as the auxiliary electrode, and a KCl
saturated calomel electrode (SCE) as the reference electrode.
The test solutions were phosphate buffer solutions (PBS, 0.1 M)
with various pHs, which were prepared with 0.1 MNaH2PO4 and
0.1 M Na2HPO4 and deoxygenated with highly pure nitrogen for
20 minutes before electrochemical experiments. All potentials
in this work refer to the SCE. The curves of cyclic voltammo-
grams (CVs) in this work were obtained aer six times of scan
numbers under steady-state conditions. Amperometric
measurements were carried out under stirred conditions.
3 Results and discussion
3.1 Morphologies of as-spun hybrid nanobers

To study the morphologies of the as-spun PU–MWCNT–AgNP
hybrid nanobers, SEM and TEM were carried out in this work.

Fig. 3 shows the morphologies of the as-spun PU, PU–
MWCNT, PU–AgNP and PU–MWCNT–AgNP nanobrous
membranes, respectively. It can be clearly seen that all the
membranes are highly porous, which is benecial to the diffu-
sion of reactants.31 The nanobers of PU and PU–MWCNT are
relatively uniform, with smooth surface, and the diameters
range from 200 to 400 nm (Fig. 3a and b). While the surface of
PU–AgNP nanobers is much rougher, with many Ag nodules
distributed throughout the nanobers, and the distribution of
the nanober diameter becomes larger, ranging from about 200
to 800 nm (Fig. 3c). The agglomeration of AgNPs contributed to
the Ag nodules distributed throughout the nanobers.
J. Mater. Chem. B, 2013, 1, 2415–2424 | 2417
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Fig. 3 SEM images of electrospun PU hybrid nanofibers with different nano-
fillers (MWCNTs or AgNPs): (a) pure PU, (b) PU–MWCNT, (c) PU–AgNP, and (d) PU–
MWCNT–AgNP. The scale bar is 2 mm for all pictures.
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Interestingly, compared to the PU–AgNP nanobers, the surface
of the electrospun PU–MWCNT–AgNP nanobers is much
smoother and the Ag nodules get less distinct (Fig. 3d), which
indicates that the interaction between MWCNTs and AgNPs can
facilitate the uniform distribution of AgNPs along the nanober
matrix.

The distribution of MWCNTs and AgNPs in the PU nano-
brousmatrix was further examined by TEM; and the results are
shown in Fig. 4. It can be clearly seen that in the PU–AgNP
Fig. 4 TEM photographs of (a) PU–AgNP, (b) PU–MWCNT, and (c and d)
PU–MWCNT–AgNP hybrid nanofibers. The inset in (a) is the EDX spectrum of
PU–AgNPnanofibers, and the inset in (d) is themagnified imageof the selectedarea.

2418 | J. Mater. Chem. B, 2013, 1, 2415–2424
nanobers, Ag clusters spread throughout the PU matrix
discretely, without being connected to each other (Fig. 4a). The
inset in Fig. 4a demonstrates the EDX spectrum of the corre-
sponding PU–AgNP hybrid nanobers. The existence of element
Ag can be clearly identied. Fig. 4b and c show that, in both the
electrospun PU–MWCNT and PU–MWCNT–AgNP nanobers,
MWCNTs are successfully aligned and oriented in the PU
matrix. It should be noted that in the PU–MWCNT–AgNP
nanobers the Ag clusters tend to adhere to the surface of
MWCNTs (Fig. 4c), and MWCNTs always act as bridges to
combine the discrete Ag clusters together (Fig. 4d). The
assembly of MWCNTs and AgNPs can effectively facilitate the
electron transfer, thus boosting the conductivity and improving
the electrocatalytic performance of the materials.
3.2 The interaction between MWCNTs and AgNPs in the PU
nanober matrix and their inuence on the microphase
separation structure of the hybrid nanobers

As SEM and TEM characterizations indicate the binding affinity
between AgNPs and MWCNTs in the PU nanobers, the inter-
action between them can be examined by thermal analyses. It is
well known that the PU molecular chain consists of so
segments (SS) and hard segments (HS) (Fig. 1), and the
incompatibility between them induces a microphase separation
structure, which can greatly inuence the properties of PU, such
as thermal properties, crystallization and mechanical
behaviours.37–40

According to previous reports, both the SS and HS of PU can
crystallize independently, and in general the melting tempera-
ture of the SS of PU is below 100 �C, while that of the HS of PU is
above 100 �C.37–41 Therefore we examine the rst heating DSC
traces of the PU and PU hybrid nanobers embedded with
AgNPs and MWCNTs separately or simultaneously (Fig. 5).
Fig. 5a shows the effect of the different nanollers (MWCNTs or
AgNPs) on the crystallization of the SS in the electrospun PU
nanobers. It can be clearly seen that the melting point of pure
PU nanobers and PU-MWCNT nanobers is almost the same,
peaking at about 65 �C, which corresponds to the melt of SS.37,38

While it shis to about 88 �C for the PU–AgNP nanobers,
indicating that the AgNPs distributed in the SS act as nucleating
agents and highly promote the crystallization of SS. However, it
is interesting to note that the crystallization behaviour of the SS
in the PU–MWCNT–AgNP nanobers is similar to that in the
Fig. 5 DSC thermograms of PU and PU hybrid nanofibers filled with AgNPs and
MWCNTs separately or simultaneously at the temperature range of (a) 40 to
100 �C and (b) 100 to 250 �C.

This journal is ª The Royal Society of Chemistry 2013
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PU–MWCNT nanobers rather than the PU–AgNP ones, which
conrms the interaction between MWCNTs and AgNPs in the
electrospun nanobers.

With the continuous heating up, Fig. 5b demonstrates the
inuence of the incorporation of MWCNTs and AgNPs on the
crystallization behaviour of the HS in the PU matrix. For
the pure PU nanobers, three endothermic peaks that are
attributed to the melting of the HS appear at about 140, 185 and
230 �C, respectively. HS melting in this temperature range has
been reported in a number of previous reports.37,39–41 For the
PU–MWCNT sample, almost no melting peak is observed,
demonstrating that MWCNTs nearly destroyed the crystalliza-
tion of HS of the PU matrix, which indicates the strong inter-
action between the MWCNTs and the HS of PU nanobers. For
PU–AgNP nanobers, the melting peak at 140 �C is still
preserved, which suggests that the interaction of the HS with
the AgNPs is much weaker than that with MWCNTs. However,
for PU–MWCNT–AgNP nanobers, the peak at 140 �C is much
smaller than that for PU–AgNP nanobers, which suggest that
the crystallization behaviour of the HS of PU–MWCNT–AgNP
nanobers is similar to that of the PU–MWCNT nanobers.
Combining the results of the analysis for the SS, it can be found
that that there exists a clear interaction between AgNPs and the
SS of PU, and a signicant interaction between MWCNTs and
the HS of PU. Therefore, we can deduce that in the electrospun
PU hybrid nanobers AgNPs tend to disperse in the SS, while
MWCNTs tend to be present in the HS of the PU matrix.

It should be noted that the crystallization behaviour of the
electrospun PU–MWCNT–AgNP nanobers is similar to that
of the PU–MWCNT nanobers, but vastly different from that
of PU–AgNP nanobers. The simultaneous introduction of
MWCNTs and AgNPs into the PU matrix could completely
destroy the crystallization of the HS of the PU matrix, but hardly
affect the crystallization of the SS. The difference between
PU–MWCNT–AgNP and PU–AgNP nanobers demonstrates the
strong interaction between MWCNTs and AgNPs in the PU
matrix. Tending to be adhered onto the surface of MWCNTs, as
depicted in the TEM gures (Fig. 4), the AgNPs would migrate
from the SS of the PU matrix to the HS regions or the interface
between them, which explains the crystallization behaviours of
the electrospun PU–MWCNT–AgNP nanobers.

To further investigate the interaction between AgNPs and
MWCNTs in the PU matrix and explore the distribution of them
in the SS and HS microphase of PU, DMA measurements were
Fig. 6 DMA of (a) tan d and (b) storagemodulus as a function of temperature for
PU, PU–MWCNT, PU–AgNP and PU–MWCNT–AgNP nanofibers.

This journal is ª The Royal Society of Chemistry 2013
carried out according to the previous report.41 Fig. 6a describes
the DMA of tan d as a function of temperature in the range of
�20 to 80 �C. The peak of tan d coincides with the dynamic glass
transition behaviour of the SS of the PU matrix. As shown in
Fig. 6a, compared with the pure PU nanobers the glass tran-
sition temperature (Tg) of PU–AgNP nanobers shows an
obvious shi toward higher temperature, while no obvious
change of Tg occurs for both the PU–MWCNT and the
PU–MWCNT–AgNP nanobers. These trends can be understood
as follows. The Tg is the temperature above which the SS of PU
start to become mobile. The results discussed above suggest
that the AgNPs physically bonded to the SS and restricted their
mobility, leading to an increment of the Tg of PU–AgNP nano-
bers. On the other hand, the MWCNTs appear to show only
limited interactions with the SS as their presence does not
inuence Tg. These data reinforce the deduction that the AgNPs
tend to highly interact with the SS, whereas the MWCNTs
interact preferentially with the HS. Furthermore, unlike the
separated addition of AgNPs into the PU matrix, the simulta-
neous addition of MWCNTs and AgNPs does not show obvious
inuence on Tg, which further conrms the interaction between
AgNPs and MWCNTs in the as-spun PU matrix, and supports
the deduction that in the electrospun PU–MWCNT–AgNP
nanobers the AgNPs tend to emigrate from the SS of the PU
matrix.

Fig. 6b shows the storage modulus of PU hybrid samples
with different nanollers as a function of temperature. It can be
found that all the hybrid samples show a decreased storage
modulus compared to the pure PU nanobers. It is well known
that the mechanical properties of PU highly depend on the
degree of micro-phase separation: higher degree of micro-phase
separation, in general, brings in better mechanical properties.42

Therefore, the decreases of the storage modulus of the hybrid
samples suggest the reduction of the degree of micro-phase
separation of the PU matrix. In other words, the addition of
MWCNTs and AgNPs could promote the fusion of the SS and
HS, and greatly enhance the compatibility of the two micro-
phases.
3.3 Electrical properties of electrospun PU–MWCNT–AgNP
nanobers

To evaluate the electrical conductance of PU–MWCNT–AgNP
hybrid nanobers and further explore how the interaction
between MWCNTs and AgNPs affects the conductivity of
the hybrid nanobers, impedance analysis was conducted on
PU–MWCNT, PU–AgNP and PU–MWCNT–AgNP nanobers with
different concentrations.

Fig. 7 shows the log–log plots of the conductivity and
frequency for different PU matrices with different concentra-
tions of MWCNTs and/or AgNPs. The PU–MWCNT nanober
samples fail to conduct when the concentration of MWCNTs is
1 wt% or lower, but they become conductive when the
concentration of MWCNTs is 1.5 wt% (Fig. 7a). The same
tendency is found for the PU–AgNP nanober samples. They do
not show any characteristic of conductivity when the concen-
tration of AgNPs is 3 wt% or lower, but they become conductive
J. Mater. Chem. B, 2013, 1, 2415–2424 | 2419
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Fig. 7 Log–log plots of the conductivity with respect to frequency for (a) PU–
MWCNT nanofibers with different concentrations of MWCNTs, (b) PU–AgNP
nanofibers with different concentrations of AgNPs, and (c) PU–MWCNT–AgNP
nanofibers with 0.5 wt% MWCNTs and different concentrations of AgNPs.
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when the concentration is 5 wt% (Fig. 7b). However, the inter-
esting thing is that when only 0.5 wt% MWCNTs and 3 wt%
AgNPs are incorporated into the nanobers, the PU–MWCNT–
AgNP nanober samples are conductive (Fig. 7c). In addition,
the conductivity of PU–MWCNT–AgNP nanober samples can
be improved by increasing the concentration of AgNPs. The
reduction of the percolation threshold of the PU–MWCNT–
AgNP nanober mats reveals the synergistic effect of MWCNTs
and AgNPs on conductivity. Due to the high aspect ratio of
MWCNTs and the orientation effect by electrospinning, only a
small amount addition of MWCNTs into the PU–MWCNT–AgNP
samples can successfully bridge the discrete AgNP clusters in
the as-spun nanobers, which can effectively facilitate the
electron transfer and thus improve the conductivity of the
hybrid nanobers.

Based on the above results, we proposed a model to display
the distribution of MWCNTs and AgNPs inside the electrospun
nanobers clearly (Fig. 8). When added separately, the AgNPs
agglomerate into clusters and distribute discretely along the
nanobers. They preferentially interact with the SS of PU and
are mainly located in the so phase (Fig. 8a). The MWCNTs
incorporated in the electrospun PU nanobers are highly
stretched and oriented along the nanober direction, while they
preferentially interact with the HS of PU and are mainly located
in the hard phase (Fig. 8b). When the AgNPs are incorporated
Fig. 8 A proposedmodel for the dispersion of AgNPs or/andMWCNTs in (a) PU–
AgNP, (b) PU–MWCNT and (c) PU–MWCNT–AgNP nanofibers, respectively.

2420 | J. Mater. Chem. B, 2013, 1, 2415–2424
into the PUmatrix along with the MWCNTs, they tend to adhere
to the surface of MWCNTs that mainly dispersed in the hard
phase, and show limited interaction with the SS (Fig. 8c). The
aligned MWCNTs act as bridges and get the discrete Ag clusters
in series, which results in a notable synergistic effect and
endows the PU–MWCNT–AgNP nanobers with good conduc-
tivity and great potential in the application of electrochemical
sensors.
3.4 Potential application in sensing of H2O2

3.4.1 Electrocatalytic behaviour of the hybrid nanober
modied GCE towards H2O2. Considering the good electro-
catalytic performance of AgNPs and the excellent conductivity of
PU–MWCNT–AgNP nanobers, the prepared PU–MWCNT–
AgNP hybrid nanobers are expected to have better perfor-
mance than either PU–MWCNT or PU–AgNP nanobers for the
fabrication of electrochemical sensors. To test this hypothesis,
PU–MWCNT–AgNP nanobers were directly electrospun onto
the surface of a polished GCE, and the performance of the
nanober modied GCE for H2O2 sensing was investigated in
this work. To discern the contribution of individual compo-
nents and the possible synergistic effect among them, control
experiments on electrospun nanobers with pure PU, PU–
MWCNT, and PU–AgNP nanober modied GCEs were also
carried out.

Fig. 9a shows the CVs of electrospun PU, PU–MWCNT, PU–
AgNP and PU–MWCNT–AgNP nanober modied GCEs in the
presence of 10 mM H2O2 at a scan rate of 50 mV s�1. The
concentration of MWCNTs and/or AgNPs in the electrospun
nanobers is xed at 0.5 wt% and 5 wt%, respectively. As can be
seen in Fig. 9a, a pure electrospun PU nanober modied GCE
shows no apparent redox processes. Aer modied with elec-
trospun PU–MWCNT nanobers, the diffused current increased
clearly, becauseMWCNTs have a catalytically active surface, and
therefore they can increase the active surface area of the
modied electrode.4 Similar to the pure PU nanober modied
GCE, no obvious redox current peaks appear in the CV of PU–
MWCNT nanober modied GCE either. For the PU–AgNP
nanober modied GCE, a large current response and a broad
reduction peak from about �0.65 to �0.4 V is observed due to
the reduction of H2O2. Notably, in the CV of PU–MWCNT–AgNP
nanober modied GCE, the reduction peak occurs at
Fig. 9 CVs of electrospun (a) PU, PU–MWCNT, PU–AgNP, and PU–MWCNT–AgNP
nanofiber modified GCEs, and (b) bare GCE and GCEs modified with Nafion,
MWCNT–Nafion, AgNP–Nafion and MWCNT–AgNP–Nafion separately by a
casting method. All the tests were performed in 0.1 M N2 saturated PBS (pH 7.6)
and in the presence of 10 mM H2O2 at a scan rate of 50 mV s�1.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 10 Effect of pH on the amperometric steady-current responses of MWCNT–
AgNP–Nafion, PU–MWCNT–AgNP nanofibers and PU–AgNP nanofiber modified
GCE, respectively. All the tests were performed in the presence of 1 mM H2O2 and
0.1 M PBS with an applied potential of �0.34 V vs. SCE.
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about �0.34 V, and there is an obvious positive shi of both
the onset potential and current peak as compared to that of the
PU–AgNP nanober modied GCE. The present CV results
indicate that the PU–MWCNT–AgNP nanober modied GCE
has better electrocatalytic activity than either PU–MWCNT
nanobers or PU–AgNP nanober modied GCE toward the
reduction of H2O2, which conrms the synergistic effect of
MWCNTs and AgNPs.

To prove the advantage of the electrospun nanobers in
electrochemical sensing, suspension of Naon, MWCNT–
Naon, AgNP–Naon and MWCNT–AgNP–Naon were directly
cast onto the surfaces of polished GCEs separately, fabricating
Naon, MWCNT–Naon, AgNP–Naon and MWCNT–AgNP–
Naon modied GCEs, respectively, as control experiments.
The CV results of these electrodes are depicted in Fig. 9b. It can
be found that neither bare GCE nor Naonmodied GCE shows
a characteristic peak in response to H2O2 and the MWCNT–
Naon modied GCE has no obvious redox peak either. A board
peak at a potential of about �0.4 V is observed for the AgNP–
Naon modied GCE due to the reduction of H2O2. Unlike the
remarkable improvement of electrocatalytic activity observed in
the PU–MWCNT–AgNP electrospun nanober modied GCE,
no substantial difference of the electrochemical activity is
observed between GCEs modied with AgNP–Naon and
MWCNT–AgNP–Naon by a casting method.

Comparing the results shown in Fig. 9a and b, it can be clearly
found that the onset potential for H2O2 reduction in the
PU–MWCNT–AgNP nanober modied electrode appears more
positive than its counterpart electrode modied by a casting
method, which reveals the superiority of the electrospun nano-
bers in electrochemical sensing of H2O2. We suggest that the
superiority is ascribed to the advantages of the electrospinning
technique. Firstly, during the electrospinning process,MWCNTs
can be successfully dispersed and aligned along the nanober
direction. Since in the presence of MWCNTs the AgNPs tend to
adhere onto their surface, the well dispersion and orientation of
MWCNTs in the electrospun nanobers can facilitate the
dispersion of AgNPs along the nanobers (Fig. 3), which can
effectively increase the active surface of the modied electrodes
and improve the electrocatalytic activity of electrodes. Secondly,
according to our previous study the orientation of MWCNTs in
the nanobermatrix can facilitate the formation of a conductive
path throughout thematerials,43which is in favor of the electron
transfer during the redox reaction and can increase the diffusion
current. Thirdly, the electrospun membranes are highly porous,
as can be seen from the SEM photographs (Fig. 3). This porous
structure can greatly increase the effective electrode area and
facilitate the adsorption of electrolytes and the diffusion of
reactants, which can further help enhancing the electrocatalytic
activity of electrodes.31

3.4.2 Optimization of experimental variables. The effect of
the pH of the buffer solution on the biosensor response was
studied between 5.7 and 8.6 in 0.1 M PBS in the presence of
1 mM H2O2. Fig. 10 shows the amperometric responses of
MWCNT–AgNP–Naon, PU–MWCNT–AgNP nanobers and
PU–AgNP nanober modied GCE, respectively. For the
MWCNT–AgNP–Naon modied GCE, the current value is in
This journal is ª The Royal Society of Chemistry 2013
general higher than that of the nanober modied electrodes. It
is because the current value highly relies on the amount of
AgNPs, and there were a larger amount of AgNPs on the surface
of the MWCNT–AgNP–Naon modied GCE than that of the
GCEs modied by electrospun nanobers, considering the fact
that it just took about two minutes to fabricate an electrospun
nanober modied GCE. In addition, the current value of the
PU–MWCNT–AgNP modied GCE is generally higher when
compared with that of the PU–AgNPmodied GCE, which is due
to the remarkable synergistic effect of MWCNTs and AgNPs.
Moreover, the inuence of pH on the biosensor responses of the
three kinds of electrodes is clearly demonstrated in Fig. 10. The
trend is as follows. Firstly, the steady-state current sharply
increased with the increasing pH value and arrived at a
maximum at the pH value of 7.6. Then the current declined as
pH increased. Therefore, in order to get a sensitive response,
the PBS at pH 7.6 was selected for the next experiments.

3.4.3 Chronoamperometric response and calibration
curve. To check the electrocatalytic performance of electrospun
PU–MWCNT–AgNP nanobers toward H2O2 and further iden-
tify the synergistic effect between MWCNTs and AgNPs in the
electrospun nanobers, the chronoamperometry of the elec-
trodes modied with electrospun PU–AgNP and PU–MWCNT–
AgNP nanobers was performed at an applied potential of
�0.34 V vs. SCE. As is shown in Fig. 11, bothmodied electrodes
show stable response over the long test period and rapid
increase in the cathodic current as a result of the reduction of
H2O2 upon the addition of H2O2 solution. However, the
response currents of the PU–MWCNT–AgNP nanober moded
electrode (Fig. 11b) are much larger than that modied with
PU–AgNP nanobers (Fig. 11a). This improvement can be
ascribed to the synergistic amplication effect of MWCNTs and
AgNPs in the electrospun nanobers. The insets in Fig. 11 are
amplications of the current–time curves obtained with lower
H2O2 inject concentrations, and the results show that the
limit of detection (LOD) of the PU–MWCNT–AgNP nanober
modied GCE is lower than that of the GCE modied with the
PU–AgNP nanobers.

The advantage of PU–MWCNT–AgNP nanobers based
electrochemical biosensors for detecting H2O2 over that based
on PU–AgNP nanobers is clearly demonstrated through the
calibration curves. Fig. 12 shows the steady-state calibration
J. Mater. Chem. B, 2013, 1, 2415–2424 | 2421
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Fig. 11 Current–time response of (a) PU–AgNP and (b) PU–MWCNT–AgNP
nanofiber modified GCE in 0.1 M pH 7.6 PBS with successive addition of H2O2 at
�0.34 V vs. SCE. (The insets are the current–time curves obtained at the PU–AgNP
nanofiber modified GCE upon increasing the concentration of H2O2 in steps of
0.1, 0.2 and 0.5 mM, and that obtained at the PU–MWCNT–AgNP nanofiber
modified GCE upon increasing the concentration of H2O2 in steps of 0.05, 0.1 and
0.2 mM.)
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curves of the PU–AgNP and PU–MWCNT–AgNP nanober
modied GCEs. The experimental results indicate that both
electrodes reveal a linear response to H2O2. For the PU–AgNP
nanober modied electrode, the linear range of the H2O2

detection is from 1 to 25 mM (R ¼ 0.9998), and the LOD is
calculated to be 36.3 mM (S/N ¼ 3) with a sensitivity of 117.5 mA
mM�1 cm�2. While for the PU–MWCNT–AgNP nanobers
Fig. 12 Calibration curve of PU–MWCNT–AgNP and PU–AgNP nanofiber
modified GCEs at �0.34 V vs. SCE in the H2O2 concentration range of 0.05–
40 mM.

2422 | J. Mater. Chem. B, 2013, 1, 2415–2424
modied electrode, the biosensor has a linear detection range
from 0.5 to 30 mM (R¼ 0.9999), and possesses a LOD of 18.6 mM
(S/N¼ 3) with a sensitivity of 160.6 mAmM�1 cm�2. Based on the
above results, we believe that the electrospun PU–MWCNT–
AgNP nanober modied electrode shows improved perfor-
mances for sensing H2O2 compared to the PU–AgNP nanober
modied electrode, and this improvement can be attributed to
the large catalytically electroactive surface area of the fabricated
electrode materials, the better dispersion of AgNPs, and the
synergistic amplication effect of MWCNTs and AgNPs.

3.4.4 Selectivity, reproducibility and stability. The selec-
tivity and anti-interference capability of the PU–MWCNT–AgNP
modied GCE were evaluated by amperometry in the presence
of AA, UA, DA and glucose, which are common interfering
substances for the detection of H2O2.44 Fig. 13a presents the
amperometric responses of the PU–MWCNT–AgNP modied
GCE for the successive addition of 1 mM of H2O2, 0.1 mM of AA,
Fig. 13 Typical steady-state response of the PU–MWCNT–AgNP modified GCE in
N2 saturated PBS (0.1 M, pH 7.6) at an applied potential of �0.34 V vs. SCE. (a)
Amperometric responses upon successive addition of 1 mM of H2O2, 0.10 mM of
AA, 0.10 mM of UA, 0.10 mM of DA, 5.0 mM of glucose, and 1 mM of H2O2, (b)
reusability and (c) the long-term storage stability in the response to 5 mM H2O2.

This journal is ª The Royal Society of Chemistry 2013
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0.10 mM of UA, 0.10 mM of DA, 5.0 mM of glucose and 1 mM of
H2O2. It can be seen that the interferences which these species
may have on H2O2 detection are negligible, suggesting a high
selectivity of the biosensor based on the PU–MWCNT–AgNP
modied GCE.

The reuse stability of the PU–MWCNT–AgNP modied GCE
was also assessed in Fig. 13b, showing that at least 5 times of
use of the created biosensor is possible. Signicant reduction in
current aer 5 times of use is depicted (Fig. 13b), which was
ascribed to the detachment of the membrane from the elec-
trode.27 Therefore, reinforcement of the interfacial adhesion
between the nanobrous membrane and the electrode for
further improving the reusability will be necessary in the future
work.

The long-term stability of the PU–MWCNT–AgNP modied
GCE was explored over a 15-day period (Fig. 13c). The fabricated
sensor was stored in the refrigerator at 4 �C and measured every
3–5 days. The result shows that the catalytic current response
maintains more than 90.2% of its initial value in response to
5 mM H2O2 aer 15 days, indicating an acceptable stability of
the modied electrode.
4 Conclusions

In summary, we demonstrated a facile and effective strategy to
prepare a new non-enzymatic H2O2 biosensor based on elec-
trospun PU–MWCNT–AgNP hybrid nanobers on a chemical
electrode. The synergistic effect of MWCNTs and AgNPs can
signicantly improve the conductivity of electrospun nano-
bers, and the electrocatalytic activity and sensitivity of this
non-enzymatic biosensor. The electrochemical results proved
that the electrospun PU–MWCNT–AgNP nanober modied
GCEs reveal better electrocatalytic activity toward H2O2 than the
electrodes modied by traditional casting strategy. The LOD of
this electrospun PU–MWCNT–AgNP nanober based biosensor
for H2O2 is about 18.6 mM (S/N ¼ 3) with high sensitivity. By
introducing different functional nanomaterials and building
blocks into the polymer nanobers, this electrospinning tech-
nique will be very helpful for fabricating other kinds of sensors
with high performance.
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