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Abstract

Polyethylene oxide—ZnO (PEO—ZnO) composite fibers were prepared by electrospinning technique. The structural and optical properties
were investigated using scanning electron microscopy (SEM), Fourier transform infrared (FT-IR) spectroscopy, and photoluminescence (PL).
Results indicated that PEO passivated the interface defects and quenched the visible emission of ZnO quantum dots by forming O—Zn bonds
with ZnO nanoparticles. To investigate the influence of electrospinning voltage on the PL of the composite fibers, the electrospinning voltage
was adjusted from 12 to 18 kV. It was shown that the passivation effect of PEO could be enhanced by increasing the electrospinning voltage, and
the fibers prepared at higher voltage exhibited more intense ultraviolet emission.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Being an important semiconductive oxide with a direct
wide band gap (3.37 eV) and a large exciton binding energy
at room temperature (about 60 meV), ZnO has attracted
much attention due to the strong commercial desire for blue
and ultraviolet (UV) light emitters and detectors [1], transpar-
ent electrodes in solar cells [2], gas sensors [3], and piezoelec-
tric transducers [4]. It is well known that semiconductors with
low dimensional size may have superior optical properties to
bulk crystals owing to quantum confinement effects. These
properties and potential applications have stimulated preparing
and researching of well-controlled ZnO nanostructures. As
a result, low dimensional ZnO, such as nanorods [5,6], nano-
wires [7], nanobelts [8], and nanorings [9], have been reported
comprehensively.

Comparing to bulk ZnO, nanostructural ZnO exhibits stron-
ger visible luminescence related to surface defects [10]. In the
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latter, the volume of a thin surface layer hosting the surface
states increased relative to the weight of bulk-related volume,
thereby increasing the deep-level emission at the expense of
the band-edge emission [11]. To realize the application of
nanosized ZnO in UV emitters, recently, inorganic materials
and polymers such as polyvinyl alcohol, polymethyl methac-
rylate and polyvinyl pyrrolidone were employed to passivate
ZnO nanoparticles [12,13] and suppress the deep-level emis-
sion [14], but the resulted materials were confined in zero di-
mensional structures. The investigation of photoluminescence
properties of ZnO containing composites with one dimen-
sional (1D) structure seems to be a great challenge.

Herein, 1D polyethylene oxide—ZnO (PEO—ZnO) fibers
with intense UV emission were prepared by electrospinning
method, which provides an alternative way to prepare fibers
with solid or hollow interiors that are long in length, uniform
in diameter, and diversified in composition [15,16]. The as-
spun nonwoven mats were formed by the fibers of PEO—
ZnO with diameters from 900 to 500 nm, which were con-
trolled by adjusting the electrospinning voltages. Investigation
showed the existence of strong interaction between PEO and
ZnO, which passivates the visible emission of the latter. An
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interesting phenomenon was observed in the photolumines-
cence (PL) spectra of the samples, that is, with increasing
the electrospinning voltages, the fibers get thinner, and the
PEO—ZnO fibers show more intensive band-edge emission,
which is not similar to traditional low dimensional ZnO
structures.

2. Experimental details

The preparing process consisted of two steps: (1) preparing
a solution of PEO containing ZnO quantum dots, and achiev-
ing the right rheology for electrospinning; (2) electrospinning
the solution to obtain fibers of PEO—ZnO composite. Firstly,
zinc acetate was dissolved in N,N-dimethylformamide (DMF,
0.5M). Then tetramethylammonium hydroxide was added
droplet to hydrolyze the precursor with a molar ratio of zinc
acetate to tetramethylammonium hydroxide 1:1.4, followed
by stirring in ice water bath for 1 h. UV—vis absorbance spec-
tra showed that the average radius of the colloids was about
4 nm, according to the relationship between band gap and par-
ticle size obtained using the effective mass model for spherical
particles with a Coulomb interaction term [17]. ZnO colloids
were added to PEO in DMF solution (M, pgo = 500,000, about
8 wt.%) with a volume ratio of 1:2.5, and a viscous solution of
PEO—ZnO composite was obtained. The electrospinning pro-
cess was similar to our previous work [18,19]. The nonwoven
mats composed of PEO—ZnO fibers with diameters ranging
from 900 to 500 nm were collected on the grounded plate.

Scanning electron microscopic (SEM) measurement was
performed on XL30 ESEM FEG scanning electron microscope
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of FEI Company with an accelerating voltage of 25 kV. Fourier
transform infrared (FT-IR) spectra were obtained on Magna
560 FT-IR spectrometer with a resolution of 1 cm™'. PL was
performed on HR-800 LabRam confocal Raman microscope
made by JY Company in France, excited by a wavelength of
325 nm line of a continuous He—Cd laser at room temperature.

3. Results and discussion

Fig. 1 shows the SEM micrographs of the PEO—ZnO fibers.
The length of each fiber can even reach decimeter grade, and
the average diameters are about 900, 800, 650 and 500 nm at
voltages of 12, 14, 16 and 18 kV, respectively. When a high
voltage is applied, the pendent drop of the PEO—ZnO compos-
ite solution at the nozzle of the spinneret will be affected by
two competitive forces: the electrostatic force and the surface
tension. When the voltage is increased to the threshold value,
a droplet of hybrid solution at the tip is deformed into a conical
shape known as Taylor cone. In this case, charge or dipole ori-
entation will be formed at the interface between air and the
droplet. When the applied electric voltage overcomes the sur-
face tension of the hybrid solution, one or several jets of the
solution are ejected from the tip of the Taylor cone and fly to-
wards the grounded plate. This electrified jet then undergoes
a stretching and whipping process, leading to the formation
of a long and thin thread. With increasing the voltages applied
to the solution in a certain range, the electrostatic force (i.e.
the extraction force) is larger than the surface tension, and
the fibers become thinner when the other parameters remain
unchanged.

£

Fig. 1. SEM images of fibers of ZnO—PEO synthesized at voltages of 12 kV (a), 14 kV (b), 16 kV (c) and 18 kV (d). Scale bars are 5 pm.
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From the SEM micrographs of all samples we can also ob-
serve that the fibers align in random orientation. Electrostatic
force associated with Coulomb interactions at different sec-
tions of the jet makes it unstable when subjected to bending
perturbations [20,21]. This bending instability rearranges the
jet into a sequence of connected loops. As the solvent evapo-
rates, the whole group of solidifying loops is pulled towards
the grounded plate, where it is deposited and ultimately dis-
charges to form nonwoven mat.

FT-IR measurements on pure PEO powder and electrospun
fibers of PEO—ZnO (the electrospinning voltage of 12 kV)
were performed, as shown in Fig. 2. For pure PEO (I), the
bands at about 1456 and 1350 cm ™" are attributed to the vibra-
tions of —CH,— group, and the bands at about 1100 and
962 cm™ ' are signed as solid circles for the vibrations of
C—O0 group. In the FT-IR spectrum of PEO—ZnO fibers (II),
besides the characteristic vibration bands of PEO, the intense
broad band in the vicinity of 460—500 cm ™" is assigned to the
Zn—OQ vibration [22]. As known, PEO is one of such polymers
with hydrophilic oxygen atom and hydrophobic ethylene
group aligned alternatively. PEO exhibits two configurations
at different conditions: in nonpolar environment, most of the
polar oxygen atoms embedded in the PEO chain, and the
PEO molecule shows zigzag configuration (Scheme 1a); while
in polar environment such as in DMF, the oxygen atoms
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Fig. 2. FT-IR spectra of pure PEO powder (I) and electrospun fibers of ZnO—
PEO under voltage of 12 kV (II). The arrow indicated the vibration band of
Zn—0.
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Scheme 1. Configurations of PEO molecule in nonpolar (a) and polar condi-
tions (b).

extend outside of the PEO molecular chain under strong inter-
actions (e.g. chemical bonds) with other species (including the
solvent molecules and other polar molecules) in the solution
(Scheme 1b). In the FT-IR spectrum of pure PEO, the intensity
of the vibration bands of —CH,— group is close to that of
C—O group, which indicates that the weight of extended oxy-
gen atom is small and the PEO molecule keeps the zigzag con-
figuration. However, for the fibers of PEO—ZnO, the vibration
bands of C—O group become sharp and intense, and the inten-
sity of C—O group vibration band gets even stronger than that
of —CH,— group. Notably, red shift of the band located at
1456 cm™' implies the weakening of the C—H bond of
—CH,— group after the introduction of ZnO. These mean
that the chemical interactions between ZnO nanoparticles
and PEO molecules can affect the chemical environment of
PEO. At the same time, ZnO nanoparticles provide polar envi-
ronment to make the oxygen atoms of the backbone of PEO
molecules to stretch out. And the stretching out O atoms can
form Zn—O band with surplus Zn atoms and thus modify
the surface of ZnO.

With the interactions between ZnO and PEOQ, the existence
of PEO may make up for the oxygen vacancy and passivate the
surface defects of ZnO nanoparticles, thereafter enhance the
UV photoluminescence of ZnO. Fig. 3a shows the PL spectra
of PEO—ZnO fibers with electrospinning voltage from 12 to
18 kV. Inset is the PL spectrum of ZnO quantum dots. The
UV emission at 3.40 eV which is consisted with the band-
edge emission typically originated from the exciton combina-
tion of ZnO [23]. The weak and broad green emission at about
2.25 eV is related to the transition between the electron close
to the conduction band and the hole at vacancy associated with
the surface defects [24,25]. All fiber samples exhibit the char-
acteristic PL spectra of ZnO. These results show that the green
PL is associated with the oxygen vacancy on the surface of
ZnO nanoparticles. In the PL spectra of all fibers, the UV
emission band is significantly enhanced compared to that of
ZnO nanoparticles, which demonstrates that PEO has effec-
tively passivated the defects on the surface of ZnO. Besides,
the position of the UV emission band does not shift, indicating
that size dispersion of the ZnO nanoparticles remains un-
changed during the electrospinning process. In PEO mole-
cules, there are oxygen atoms on the backbone, as shown in
Scheme 1, which can form Zn—O bonds and fill the oxygen
vacancy on the surface of ZnO. These observations suggest
that PEO has the effect of removing the shallow surface traps
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Fig. 3. PL spectra of ZnO—PEO electrospun fibers under voltages of 12, 14, 16 and 18 kV at room temperature (a). Inset is the PL spectrum of ZnO composite
fibers. The UV emission peak Iy/Ip of ZnO—PEO electrospun fibers as a function of the electrospinning voltages (b).

on the surface of ZnO nanoparticles and enhancing the UV
emission efficiency.

Fig. 3b shows the change of Iy/Ip as a function of electro-
spinning voltages. In the existence of PEO, the PL intensity
ratio of the UV band-edge emission to the deep-level green
emissions (Iy/lp) is drastically higher than that of ZnO quan-
tum dots without PEO. Due to the decrease of the oxygen
vacancy and quenching of the deep-level emission further,
the increase of the voltage does not increase the deep-level
emission, but result in the increase of Iy/lp, which means
that the passivation effect of PEO is strengthened by increas-
ing electrospinning voltage.

Based on the above results, a potential mechanism is pre-
sented, as shown in Scheme 2. With the interaction of ZnO
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Scheme 2. Scheme of the translation from ZnO—PEO clusters to ZnO—PEO
fibers at the extraction forces of electric field.
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and PEO, the PEO molecules are assembled on the surface
of ZnO, and ZnO nanoparticles are partly covered by PEO
long chains. There also exists interaction between ZnO nano-
particles because of the high Gibbs’ surface free energy of the
small sized ZnO. The two competitive interactions induce
larger PEO—ZnO cluster with different diameters in the solu-
tion of the composite of PEO—Zn0O. And the surface defects
are partly passivated by PEO. Being prepared before mixing
with PEO and protected by PEO, ZnO nanoparticles do not
grow in the sequent process, with the position of the UV emis-
sion band of all the samples remains unchanged in the PL
spectra. By applying high voltages to the composite solution,
the curved PEO chains spread and the PEO—ZnO clusters are
embedded in PEO with smaller size under the extraction of fi-
bers. The high electrospinning voltage may induce the polari-
zation and orientation of ZnO nanoparticles, and the ZnO
nanoparticles are embedded in and aligned along the PEO
matrix fibers. With the increase of the voltages, more ZnO
nanoparticles with low aggregation were extracted. Then the
dispersion of the PEO—ZnO clusters is narrower, and the
passivation is more effective, resulting in larger Iy/Ip ratio
of the as-spun fibers.

According to Shalish and co-workers’ report, nanostruc-
tural ZnO exhibits stronger visible luminescence related to
surface defects than the bulk counterparts, and the intensity
of the visible luminescence tends to get stronger as the size
of ZnO gets smaller [11]. While in this article, by combining
the electrospinning technology and passivation effect of PEO,
the ZnO containing 1D composites show strong ultraviolet
photoluminescence with large Iy/lp.
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4. Conclusion

In summary, fibers of PEO—ZnO with diameters from 900 to
500 nm were successfully prepared by electrospinning technol-
ogy and the structural and optical properties were characterized.
The results show that PEO effectively passivates the oxygen re-
lated defects on the surface of ZnO by forming chemical bonds
with ZnO nanoparticles, which leads quenching of the green
emission of ZnO. Moreover, the electrospinning voltage is
found to play an important role on enhancing the passivation ef-
fect of PEO and strengthens the quantum confinement effect of
ZnO nanoparticles, i.e. the fibers electrospun at higher voltage
exhibit more intense UV emission with small FWHM and large
Iy/lp. In short, this method can control the PL. of PEO—ZnO
composite fibers, and might also be applied to other composite
materials containing semiconductors such as CdS, CdSe, ZnS,
TiO,, etc. These kinds of 1D nanomaterials are wished to
have potential applications in nano-optoelectronic devices.
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