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Abstract

In this paper, we demonstrate the preparation of copper oxide (CuO) particles incorporated polyurethane (PU) composite nanofibers by using
electrospinning. Two step processes were adopted to incorporate the CuO particles in PU nanofibers. In the first step, the cupric acetate was added
to poly(vinyl alcohol) to obtain a thin film by wet casting. Then the thin film was calcined at 500 1C and ground to prepare the CuO particles. In
the second step, these CuO particles were incorporated in the PU to obtain composite nanofibers. Different types of nanofiber mats were prepared
by varying the concentration of CuO particles. The surface morphology, structure, bonding configuration, thermal, optical and electrical
properties of the resultant nanofibers were characterized by means of scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR), UV–vis (ultraviolet visible) spectroscopy, thermogravimetric, photoluminescence and current–voltage
analysis. The electrical conductivities of the PU/CuO composite nanofibers were markedly improved than that of pristine PU nanofibers. The
improvement of electrical properties is attributed to the better carrier transport in the composite nanofibers.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

One-dimensional (1D) nanomaterials have attracted growing
attention due to their unique physical traits including their
electronic, magnetic, optical, and mechanical properties [1–4].
Various strategies have been proposed for obtaining these
materials. A variety of nano-scale materials with different
morphologies have been synthesized by using various methods
including chemical vapor deposition, arc discharge, laser
ablation, electrospinning and template based physical vapor
transport [5–11]. Among them, electrospinning is a simple and
sophisticated technique for producing nanofibers. The main
advantage of electrospinning is the relatively quick and simple
way to fabricate a variety of materials into nanofibrous
structure. During last decade electrospinning of polymers has
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
10.1016/j.ceramint.2013.05.087

g authors. Tel.: +82 63 270 2351; fax: +82 63 270 4249.
sses: nirmalmathu@gmail.com (R. Nirmala),
(H.Y. Kim).
become highly recognized method for obtaining polymer
nanofibers with diameters down to a few nanometers and of
a broad range of complex architectures of nanofibers and
nonwovens [12–15]. Polymeric nanofibers exhibit unusual
properties due to their very small diameter, which leads to
high surface area, high aspect ratio, and better mechanical
properties. These remarkable properties underlie the substantial
interests in these materials for industrial, biomedical, and
electronic applications.
In the past few years, a wide range of synthetic and natural

polymers in pure or blend solutions have been electrospun to
form nanofibers. In particular, polyurethane (PU) is a thermo-
plastic resilient elastomer of significant industrial importance
which possesses a wide range of desirable properties such as
elastomeric, resistant to abrasion, and excellent hydrolytic
stability [16–18]. Numerous studies on the electrospinning of
PU have been conducted. Electrospun PU nanofiber mats
exhibit good mechanical properties and have a wide variety of
potential application in high-performance air filters, protective
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textiles, wound dressing materials and sensors [19–24]. Due to
these merits, PU nanofibers have been found to be a very
promising material of interest. The properties of PU can be
adjusted desirably based on the requirements. Metal oxide
containing PU nanofibers are of great interest in many
technological applications. Such kinds of composite nanofiber
materials can have much improved properties in terms of
thermal stability, flexibility and solubility with that of the
pristine PU nanofibers.

The oxides of transition metals are of important class of
semiconductors, which can be utilized for variety of applications
in magnetic storage media, solar energy transformation, electro-
nics and catalysis [25–28]. Among the oxides of transition metals,
copper oxide (CuO) nanoparticles are of special interest because
of their efficiency as nanofluids in heat transfer application. CuO
is a semiconducting compound with a narrow band gap and also
used for photoconductive and photothermal applications [29].
Much effort has been devoted to synthesizing unique CuO
nanostructures, such as, rods, wires, ribbons, cubes, spheres and
dandelions [30–32]. The gas sensing responses of oxide materials
can be improved with increasing surface-area-to-volume ratio.
Therefore, the development of oxide materials with 1D geometry
is highly desirable.

Nanofiber structures are investigated for their electrical
properties and device characterizations. The electrical conduc-
tance is a fundamental quantity encountered in every study of
electrical transport phenomena in nanostructured materials.
Polymer nanofibers can be more readily applicable if their
electrical conductivities were enhanced. The electrical conduc-
tivities of PU nanofibers can be significantly improved by
adding metal oxide nanoparticles with high electric conductiv-
ities. The electrical property is known to influence the char-
acteristics of the device and its stability under an electric field.

In this study, we prepared CuO nanoparticles incorporated
PU composite nanofibers by using the electrospinning process.
Different types of PU/CuO composite nanofibers were electro-
spun by varying the concentration of CuO nanoparticles. The
prepared PU/CuO composite nanofibers were analyzed by
scanning electron microscopy (SEM), energy dispersive X-ray
analysis (EDX), X-ray diffraction (XRD), Fourier transform
(FT-IR), thermogravimetric analysis (TGA) UV–vis, photolu-
minescence (PL) and current–voltage (I–V) measurements.

2. Experimental

2.1. Materials

Poly(vinyl alcohol) (PVA) solution (number averaged mole-
cular weight (Mw)=85,000–124,000 g/mol, degree of hydroly-
sis=87–89%, Aldrich Co., USA) and copper acetate (Aldrich Co.,
USA) were used to prepare CuO particles. Polyurethane (PU,
Mw=110,000) was purchased from Cardio Tech, Japan. Tetra-
hydrofuran (THF) and NN-dimethylformamide (DMF) (analytical
grade, Showa, Japan) were used as solvents without further
purification. PU solution with 10 wt% was prepared by dissolving
in THF and DMF (1:1). All the above chemical reagents used
were of analytical grade and used without further purification.
2.2. Preparation of CuO particles

Initially, 0.4 g cupric acetate was added in 1 g of water and
then slowly mixed into 7.6 g of PVA aqueous solution (10 wt
%). The solution was kept under vigorous magnetic stirring
until to obtain a viscous gel. Then the viscous gel was gently
poured in the Petri dish to obtain thin film by wet casting. The
thin film was calcined at500 1C in air ambient for 5 h to
remove the organic constituents of PVA and convert the
precursor into pure CuO particles. The resultant product was
further ground to reduce the particle size.

2.3. Electrospinning

The PU polymer solution for electrospinning was prepared
by dissolving 10 wt% of PU in 85% DMF and THF solvent in
ratio of 1:1. Later 1, 5 and 10 wt% of the CuO particles were
mixed in the polymer solution to make the composite
nanofibers. Then the polymer solution containing the CuO
particle was loaded into a 5 ml plastic syringe equipped with a
polystyrene micro-tip (0.3 mm inner diameter and 10 mm
length), which was connected to a high-voltage power supply
(CPS-60 K02V1, Chungpa EMT, South Korea). Electrospin-
ning was performed at a voltage of 17 kV. A grounded iron
drum was rotated at a constant speed by a DC motor to collect
the developing nanofibers, which was kept at a distance of
15 cm from the micro-tip. All experiments were conducted at
room temperature. Later, the electrospun PU mats were
detached from the collector and vacuum dried for 24 h. The
resultant nanofiber mats were utilized for the further
characterizations.

2.4. Characterizations

The morphology of the electrospun PU and PU/CuO
nanofibers were observed by using scanning electron micro-
scopy (SEM, Hitachi S-7400, Hitachi, Japan). Elemental
composition analysis of the composite nanofibers was carried
out by using a SEM equipped with an energy dispersive X-ray
(EDX) spectrometer. Structural characterization was carried
out by X-ray diffraction (XRD) in a Rigaku X-ray diffract-
ometer operated with Cu Kα radiation (λ=1.540 Å). The
bonding configurations of the samples were characterized by
means of Fourier transform infrared (FT-IR). Thermogravi-
metric analysis (TGA, Perkin-Elmer, USA) was carried out for
the samples under nitrogen ambient with a flow rate of 20 mL/
min. The samples were heated from 30 to 800 1C at a rate of
10 1C/min. The UV–vis spectra were measured in the range of
200–800 nm by using a UV–vis spectrometer (Lambda 900,
Perkin-Elmer, USA). The optical property of Pu/CuO compo-
site nanofibers was characterized by photoluminescence (PL)
analysis using a 325 nm He–Cd laser. To study the electrical
properties, several circular silver electrodes with a diameter of
about 500 mm at a distance of 0.5 mm were made on the
1� 1 cm2 of composite nanofibers. Silver metal contacts were
made on the nanofiber mat to have good ohmic contact. Then
the current–voltage (I–V) characteristic was measured for the
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composite nanofibers by using a semiconductor parameter
analyzer (4200-SCS, Keithley).

3. Results and discussion

Fig. 1 shows the morphology of the electrospun nanofibers.
Fig. 1(a) shows the low and high magnification SEM image of
. 1. SEM image of electrospun nanofibers of (a) pristine PU, (b) PU/CuO with CuO
nd 2 depict the low and high magnification images.
the pristine PU nanofibers. The pristine PU nanofibers exhib-
ited smooth surface and bead-free nature. The diameters of the
nanofibers are in the range of 100–300 nm along their lengths.
Fig. 1(b)–(d) shows the low and high magnification SEM
image of PU/CuO composite nanofibers with CuO particles
concentration of 1%, 5% and 10%, respectively. Significant
morphological difference can be observed among pristine and
1%, (c) PU/CuO with CuO 5%, and (d) PU/CuO with CuO 10%. The labels
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Fig. 3. XRD patterns of PU and PU/CuO composite nanofibers.
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composite PU nanofibers. Due to the presence of CuO particles
in PU polymer solution, the electrical conduction of the
solution can be enhanced which further increases the accel-
eration of jetting polymer solution during the electrospinning
process. Therefore, the highly conductive polymer solution
gives faster electrospinning. As can be seen from the SEM
images, the CuO particles were attached at the periphery of the
PU nanofibers. From the SEM data, we have estimated the
particles size of CuO in the composite nanofibers. The
diameters of the CuO particles are observed to be in the range
of 200–500 nm. At the same time, the diameters of the PU/
CuO composite nanofibers were almost similar to that of
pristine PU nanofibers.

To analyze further the elemental composition of PU/CuO
composite nanofibers, SEM-EDX analysis was performed.
Fig. 2(a)–(d) shows the SEM-EDX images of the pristine PU
and PU/CuO composite nanofibers with different CuO con-
centrations of 1%, 5% and 10%, respectively. The EDX
spectrum clearly confirmed that the PU composite nanofibers
consist of copper, oxygen and carbon elements, as shown in
Fig. 2. This result confirmed the successful incorporation of
CuO particles in PU nanofibers.

XRD is used to investigate the phase structures of the pristine
and composite nanofibers. Fig. 3 shows the XRD patterns of
pristine and composite PU/CuO nanofibers. The XRD pattern of
pristine PU nanofibers showed a broad peak at 201 due to the
amorphous nature of the sample. The existence of the prominent
XRD patterns corresponding to the CuO particles in the PU phase
were observed for the composite nanofibers mats as indexed in
the Fig. 3. The intense diffraction peaks at 351, 381, 441, 481,
64.51 and 781 are corresponding to the (002), (111), (200), (202),
(113) and (2 2 0) planes of CuO, which is consistent with the
JCPDS data (JCPDS file No. 05-661). The intensity of the
diffraction patterns were increased with increasing content of
. 2. SEM-EDX image of electrospun nanofibers of (a) pristine PU, (b) PU/CuO w
CuO particles, however, the PU/CuO composite nanofibers with
CuO content of 1% did not show any significant peaks. This may
be due to very low content of CuO particles in the composite
nanofibers. No significant diffraction peaks of any other phases or
impurities can be detected in the PU/CuO composite nanofibers,
which demonstrate the successful incorporation of CuO particles
in PU nanofibers. The successful incorporation of CuO particles
in PU nanofibers was confirmed by the XRD data which is in
good agreement with that of SEM-EDX data.
The bonding configurations of the resultant composite

nanofibers were performed by using FT-IR spectroscopy.
Fig. 4 shows the FT-IR spectra of pristine and composite
nanofibers. These FT-IR spectra illustrate of the interaction
between the PU nanofibers containing CuO particles. The
characteristic transmittance peaks of the PU films containing
metal particles can be assigned as shown in Fig. 4. It can be
seen that the characteristic peaks of PU films containing metal
ith CuO 1%, (c) PU/CuO with CuO 5%, and (d) PU/CuO with CuO 10%.
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particles are appeared in the range of 500–1750 cm−1. The
FTIR spectroscopy of electrospun composite nanofibers have
characteristic transmittance bands at 3240, 2960, 1740, 1530,
1220, 1110 and 777 cm−1, which represents υ (N–H), υ (C–H),
υ (C¼O), υ (C¼C), υ (C–C), υ (C–O), υ (C–H) stretching
modes, respectively [33,34]. It was observed that a broad
transmittance band centered at 3500 cm−1 corresponding to –

OH stretch vibration. At the same time, the broad peak
between 3200 and 3600 cm−1 was increased with increasing
content of CuO particles in the composite nanofibers. This is
attributed to the increased amount of –OH stretching bonds in
the PU/CuO composite nanofibers. Moreover, compared with
FT-IR spectrum of pristine PU nanofibers, there was a
prominent transmittance peak appeared at 1600 cm−1 for the
PU/CuO composite nanofibers due to the copper ions and
isocyanate group of CuO particles. From these results, we
confirm the successful incorporation of CuO particles in PU
nanofibers.

Thermal stability of the pristine and PU/CuO composite
nanofibers was evaluated using TGA in nitrogen atmosphere.
The TGA curves of the pure PU and PU/CuO composite
nanofibers are shown in Fig. 5. The onset thermal stability of
composite nanofibers was enhanced relative to that of pure PU
nanofibers. The onset of decomposition of pristine PU and
composite nanofibers were found to be in the range of
200–300 1C. These results indicated that the cations of the copper
(e.g., Cu2+) might decrease the thermal stability of PU/CuO
composite nanofibers. The effect was attributed to the ability of
the cation to form complexes in which the copper atoms were
coordinately bonded to urethane group [35]. As expected, the
residual weight significantly increases with the incorporation
of CuO particles in PU nanofibers. It is noteworthy, to mention
that as the amount of CuO particles is increased in the polymer
solution, the more residual amount is gained by nanofibers. It
was found that the residues of the PU and composite
nanofibers at 700 1C were about 8%, 22%, 28%, and 40%,
respectively.

Fig. 6 shows the UV–vis spectra of pristine PU and
composite nanofibers. As shown from the absorbance spectra
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Fig. 4. FT-IR spectra of PU and PU/CuO composite nanofibers.
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(a) absorbance, and (b) reflectance.
in Fig. 6(a), the significant increase in the absorption at a
wavelength lower than 300 nm can be observed corresponding
to the composite nanofibers containing CuO nanoparticles. The
absorbance intensity was increased with the addition of
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CuO particles in PU nanofibers, which was attributed to the
significant enhancement of light absorption in the visible light
region. The respective reflectance spectra of these composite
nanofibers are shown in Fig. 6(b). As expected, the reflectance
intensity was reduced with the addition of CuO particles in PU
nanofibers. It was illustrated that the incorporation of CuO
particles in PU nanofibers could effectively block the UV
region (200–300 nm). The reflectance was decreased with the
addition of CuO particles in PU nanofibers which can be
attributed to the effective absorbance of UV emissions by the
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Fig. 7. PL spectra of PU and PU/CuO composite nanofibers.
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nanoparticles counterpart homogeneously present in the sur-
faces of the nanofibers. Such kind of characteristic of these
composite nanofibers are of great importance as per technolo-
gical applications are concerned.
The luminescence properties of composite nanofibers are

useful in understanding the physics of nanostructures and their
potential applications in various fields. The PL spectrum of the
system is formed as a result of the competition between
electron–hole separation, electron–phonon scattering, and elec-
tron–hole recombination. Fig. 7 shows the room-temperature
PL spectrum of the pristine PU and PU/CuO composite
nanofibers. As shown in the PL data, a feeble PL intensity
was observed for the pristine PU nanofibers. The PL spectra of
the PU/CuO composite nanofibers are dominated by the broad
band emission in the range of 350–600 nm. The PL intensity
was drastically increased with the incorporation of CuO
particles in PU nanofibers. The broad band emission from
the PL spectrum at room temperature indicates that the
PU/CuO composite nanofibers have good luminescence qual-
ity. According to the literature, the intensity of the PL peaks is
an indicator for the electrons/hole recombination rate, low
intensity indicates low recombination and vice versa [36].
Fig. 8 shows the electrical properties of the composite

nanofibers. The I–V dependence is typical for a metal–
polymer–metal configuration, i.e., it is formed by the char-
acteristics of two point-to-point Schottky diodes. Fig. 8 (a) and
(d) shows the I–V characteristics of the pristine PU and
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PU/CuO composite nanofibers for the different applied bias
voltage ranging between −5 and 10 V, respectively. With the
increasing voltage, current is stably increased. It was observed
that the pristine PU nanofibers exhibited a current value of
3 nA corresponding to the applied voltage of 1 V. At the same
time, when we increased the applied bias beyond 1 V, the
current increases abruptly, we could not measure the I–V
characteristics for the pristine PU nanofibers. The current
conduction is unstable. The unstable current characteristic for
the pristine PU nanofibers state can be interpreted as the poor
conduction nature of the polymer. On the other hand, the CuO
particles incorporated composite nanofibers showed quite
stable I–V characteristics for the large range of applied bias
voltages as shown in Fig. 8(b)–(d).

As shown in Fig. 8(a)–(c), the I–V characteristics of pristine
PU and PU composite nanofibers with CuO content of 1% and
5%, respectively, exhibited almost similar trend of electric
conduction behavior except the value of current for the specific
applied bias voltage. However, the PU/CuO composite nano-
fibers with CuO concentration of 10% revealed quite different
electric conduction with that of other counterparts studied here.
This behavioral appearance of the I–V characteristics is
attributed to the significant enhancement of carrier concentra-
tion in the composite nanofibers. As shown in Fig. 8(d), the
measured I–V characteristics at room temperature showed a
current rectification with a sharp onset voltage of 3.2 V, in the
forward bias with relatively negligible leakage currents at the
reverse bias. From the I–V curve of PU/CuO composite
nanofibers, the current is leniently increased with applied
voltages as 10 nA at 3 V, 25 nA at 4 V, and 180 nA at 5 V.
The enhanced electrical conductivity of these composite
nanofibers can readily help the carrier transport in these
structures to perform efficient conduction which can be utilized
for many technological applications.
4. Conclusions

In summary, we have successfully obtained the CuO
particles incorporated PU composite nanofibers by using the
electrospinning process. The as-spun PU/CuO composite
nanofibers were observed to be smooth with uniform diameters
and randomly aligned along their lengths. The resultant
composite nanofibers diameters were in the range of 100–
300 nm. The surface morphology, optical and electrical
characterization of the synthesized PU/CuO composite nano-
fibers were studied by means of SEM, EDX, XRD, FT-IR,
TGA, UV–vis, PL, and I–V measurements. The current density
and conductivity of the composite PU nanofibers were
significantly improved than that of the pristine PU nanofibers.
The measured I–V characteristics of PU/CuO composite
nanofibers with CuO content of 10% showed a current
rectification with a sharp onset voltage of 3.2 V, in the forward
bias. The significant enhancement of electrical properties of
these PU/CuO composite nanofibers can be utilized for quite
promising future nanotechnological applications.
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