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Electrospun cerium nitrate/polymer composite fibres:
synthesis, characterization and fibre-division model*
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Cerium (III) nitrate/poly(vinylpyrrolidone) (Ce(NOg3)3/PVP) composite fibres have been prepared by electrospin-

ning. After calcining the composite fibres in air at 500 °C, CeO2 nanowires were obtained. The characterizations of

the as-spun composite fibres and resultant nanowires have been carried out by a scanning electron microscope (SEM),

an infrared spectrometer, an x-ray diffractometer and a fluorescence spectrophotometer.

Interestingly, some unusual

ribbon-like or twin fibres were observed besides the common fibres with circular or elliptic cross sections. We developed

a fibre-division model resulting from Coulomb repulsion and solvent vaporization to interpret the formation of the rib-

bons or twin fibres, which has been confirmed by the SEM studies. Our results also indicate that the formation of the

ribbons or twin fibres is less dependent on operation voltage and work distance.
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1. Introduction

Cerium dioxide or ceria (CeOgz) is one of the
cheapest and most abundant rare earth oxides, and
it has received much attention due to its unique prop-
erties. It has various applications in areas such as opti-
cal devices,[2 microelectronic devices,! high storage
5] Besides
those applications, several novel phenomena or prop-

capacitor devices!¥ and polishing materials.
erties including lattice expansion,[® transition from
boundary diffusion to lattice diffusion,[”) and blue
shift in ultraviolet absorption spectral®! have been ob-
Vari-
ous techniques have been developed for the prepara-

served in materials based on nanosized CeOs.

tion of CeOs nanostructures, such as the hydrother-
mal method,® sonochemical and microwave assisted
heating methods,®! and electrospinning.'%!
Electrospinning is well known as a simple, versa-
tile and useful technology for fabricating fibres with
diameters ranging from several micrometers down to
100 nm or even a few nanometers under the action

of electric field forces.[11]

In a traditional process of
electrospinning, a Taylor cone formed under an ap-
plied high voltage and the charged solution jets ejected

from the cone is rushed to a collector. At the same
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time, most of the solvent evaporates away. The elec-
trospun fibres are then commonly deposited as a non-
woven web on a grounded collector.''=1%] Numerous
polymer-based nanofibres, as well as metal, ceramic
and glass nanofibres have been prepared by electro-
spinning, and their potential applications in optoelec-
tronics, sensors, catalysis, textiles, filters, fibre rein-
forcement, tissue engineering, drug delivery, wound
healing, etc. have been extensively explored (see
Refs. [11] and [16]-]19]).

A broad range of fibre architectures is avail-
able from electrospinning, such as thin smooth fi-
bres, beaded fibres, porous fibres, ribbon-like fibres,
branched fibres and fibres with fractal surface struc-
tures, and have been reported in Ref. [16]. Among
them, electrospun fibres with circular or elliptic cross
sections are most commonly observed. In addition, fi-
bres in the form of ribbons with various cross-sectional
shapes are also widely observed from a number of
different kinds of polymers and solvents.!16:17:20—29]
For example, Huang et al.l?% reported on the ribbon-
like fibres of a synthetic polypeptide with elastin-like
properties. Good studies on spun flat polymer rib-
bons from 30 wt% polystyrene in dimethylformamide,

10 wt% poly(ether imide) in hexafluoro-2-propanol,
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and 20 wt% poly(2-hydroxyethyl methacrylate) in
ethanol were presented by Koombhongse et al.[?]
They proposed that the collapsed tube-like skin led to
the creation of ribbon-like fibres. Ribbon-like carbon
fibres via electrospinning from pitch precursor(22:23]

and ribbon-like nanofibres of barium titanatel24

were
also prepared. Although ribbon-like fibres have been
reported by several research groups, the mechanism
of formation of ribbon-shaped fibre has not been fully
discussed and understood yet.

In this paper, cerium nitrate/polymer compos-
ite fibres are fabricated by electrospinning and CeO,
nanowires are obtained by calcining the composite fi-
bres in air at 500 °C. Their morphological, structural
and fluorescent properties are also studied. Interest-
ingly, we also observe some unusual fibres, ribbon-like
twin fibres, besides common fibres with circular or
elliptic cross sections. Herein, based on our experi-
mental results, we develop a fibre-division model to
interpret the formation of these ribbon-like fibres.

2. Experimental section

2.1. Preparation of precursor solution

All the chemicals used were of analytical grade.
The polymer solution was prepared by dissolving 4 g
of poly(vinylpyrrolidone) (PVP, My ~ 10000) in 8 g
of ethanol and then stirred thoroughly for 2 h at room
temperature. Meanwhile, 0.1 g of cerium (III) ni-
trate (Ce(NO3)3-6H20) was fully dissolved in 4 g of
ethanol. Subsequently, this Ce(NO3)3 ethanol solu-
tion was added into the polymer solution and stirred
thoroughly for 2 h. The resulting solution was kept at
room temperature for 1 h, then the Ce(NOs)s/PVP
precursor solution with 0.47 wt% Ce(NOs)s was ob-
tained. Ce(NOg3)3/PVP solutions each with 0.92 wt%
and 1.38 wt% Ce(NOs)s were prepared in a similar
way.

2.2. Preparation of composite fibres and
Ce0O, nanowires

The electrospinning setup was similar to that
shown in Fig. 1. A 10-ml plastic syringe with a flat-
tened stainless steel needle (inner diameter 0.72 mm
and outer diameter 1.08 mm), was fixed perpendic-
ularly. The anode of a high-voltage dc supply was
connected to the needle, and the cathode was con-
nected to the grounded collector, a piece of aluminum
foil. The applied high voltage was 10 kV-30 kV. The

distance between needle tip and collector (defined as

work distance) was 10 cm—20 cm. The electrospinning

experiments were carried out at room temperature.

~-—— syringe

-— solution

J<«—— needle

high voltage DC +
power supply

fibres

Fig. 1. Schematic of the setup for electrospinning.

In order to obtain the nanosized CeOs, part of
composite fibres were calcined in air at 500 °C with a
heating rate of 5 °C/min for 3 h.

2.3. Characterization

The morphologies of the composite fibre mats and
the resulting CeO, nanowires were characterized by
a scanning electron microscope (SEM; JEOL JSM-
6390). All samples were coated with an evaporated
gold thin film before SEM imaging to ensure a higher
conductivity. The SEM was operated at an acceler-
ating voltage of 20 kV. Infrared (IR) spectra of the
electrospun composite fibres were recorded through
a MAGNA-IR 550 spectrometer.
and CeOs nanowires were characterized by a Rigaku

Composite fibres

D/max-2400 x-ray diffractometer (Cu K, radiation,
A = 1.5406 nm) with a scanning rate of 0.02°/s in 26
ranging from 5° to 80°. In addition, the fluorescence
emission spectra were measured by a HITACHI F-4600
fluorescence spectrophotometer at room temperature.

3. Results and discussion

3.1. Electrospun cerium nitrate/polymer
composite fibres

Ce(NO3)3/PVP composite fibres with different
amounts of Ce(NOj3)3 were electrospun under the fol-
lowing experimental parameters: voltage 20 kV, and
work distance 15 cm. From Figs. 2(a)-2(c), we can see
that the composite fibres deposited on the collector
are randomly oriented in the form of non-woven mats.
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Additionally, some ribbon-like twin fibres are also ob-
served in these figures. After statistical calculation, we
obtain size distributions of composite fibres, as shown
in Figs. 2(d)-2(f). The average diameters for fibres
with 0.47 wt%, 0.92 wt%, and 1.38 wt% Ce(NO3)3 are
approximately 650, 1450, and 2100 nm, respectively.
It is noted that the morphology of electrospun fibre
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depends strongly on the Ce(NOgs)s content. Figure
2(g) exhibits Ce(NO3)3 content dependence of average
diameter of composite fibre. It is indicated that the
average diameter of composite fibres is nearly linear
with respect to Ce(NO3); content, and their diame-
ter distribution also becomes wider gradually with the
increase of the Ce(NO3)3 loading.
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Fig. 2. (a)—(c) SEM images of electrospun Ce(NO3)3/PVP composite fibres with 0.47 wt%, 0.92 wt% and 1.38 wt%
Ce(NO3)s3, respectively. (d)—(f) The size distributions of panels (a)—(c) respectively. (g) Ce(NO3)s3 content dependence
of average diameter of composite fibres. The size distribution was obtained from 100 as-spun fibres in the SEM images.
Experimental parameters are: voltage 20 kV, work distance 15 cm.

Infrared (IR) spectra of the different samples are
shown in Fig. 3. The electrospun composite fibres con-
tain trace a carboxyl group and hydroxyl group due to
the precursor solutions. The sharp peak at 1680 cm ™!

is assigned to the stretching vibration of carboxyl

group, which is the typical mode of PVP.3Y A broad
stretching band around 3460 cm™! appears, corre-
sponding to the vibration of the associated hydroxyl
groups. The band in a range of 2850 cm™'-3000 cm !
can be attributed to the C-H stretching vibrations.
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Fig. 3. IR spectra of Ce(NO3)3/PVP composite fibres
with curve a 0.47 wt%, curve b 0.92 wt%, and curve ¢
1.38 wt% Ce(NO3)s.

There are no significant differences among the three
IR spectra, indicating that Ce(NOg3)s content has lit-

tle influence on the IR spectra.

3.2. Ce0O; nanostructures after calcina-
tions

In order to synthesize inorganic nanostructures,
electrospun Ce(NO3)3/PVP composite fibres were cal-
cined at 500 °C for 3 h. It can be seen from Fig. 4 that
nanowires each with a diameter of about 200 nm were
obtained. The XRD patterns of Ce(NOg3)3/PVP com-
posite fibres and the resulting CeOs nanowires are pre-
sented in Fig. 5. From curve a, two broad peaks can be
ascribed to the scattering from PVP chains at inter-
planar spacing, which exhibits that Ce(NOs)s/PVP
has a certain degree of crystallinity. This result shows
that the presence of Ce(NOs)s exerts an influence on
the crystallinity of PVP, and there might be some in-
teraction between Ce(NO3)s molecules and PVP.[10)

Fig. 4. SEM images of resulting CeO2 nanowires obtained by calcining Ce(NO3)s/PVP composite fibres at 500 °C for 3 h.

Intensity/arb. units

10 20 30 40 50 60 70 80
20/(°)

Fig. 5. XRD patterns of curve a Ce(NO3)3/PVP com-
posite fibres and curve b CeOg nanowires.

The characteristic pattern of calcined products

is shown in curve b and the main peaks can be in-
dexed to the cerium oxide phase (JCPDS, card no. 43-
1002). These results suggest the formation of pure
CeQ, nanowires after calcinations.

3.3. Fluorescent properties

The room temperature emission spectra of
Ce(NO3)3/PVP composite fibres and CeOs nanowires
monitored at the excitation wavelength of 321 nm are
illustrated in Fig. 6. Curves a, b and ¢ represent the
emissions of composite fibres with 0.47 wt%, 0.92 wt%,
and 1.38 wt% Ce(NOs3)3, respectively. Curve d rep-
resents the photoluminescence (PL) of the resulting
CeO5 nanowires and the spectrum of analytical grade

CeOy (curve e) is measured as reference. For the
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composite fibres with different amounts of Ce(NQO3)s,
there is no particular shift of the PL peak position,
with an apparent band around 371 nm. It can be con-
cluded that the fluorescence properties of composite
fibres are independent of concentration of Ce(NO3)s,
which is different from the case of dyes.!3! As for the
emission spectra of the resulting CeOy nanowires, it
is observed that the band shifts to 384 nm in compar-
ison with electrospun fibres, which is similar to that
of analytical grade CeQOs.

2000+

Intensity/arb. units

1000+

350 400 450 500
Wavelength/nm

Fig. 6. Emission spectra of electrospun composite fibres
with different amounts of Ce(NO3)3 (curves a, b, and ¢
are for 0.47 wt%, 0.92 wt%, and 1.38 wt%, respectively)
and CeO2 (curve d is the resulting nanowires by calcining
composite fibres, and curve e is the analytical grade).

3.4. Fibre-division model

It is interesting that we have observed ribbon-like
or twin fibres besides the usual circular fibres. They
are like anaphase and/or telophase states of the cell di-
vision as shown in Figs. 2 and 6. Similar ribbons have
been observed in electrospun hydroxypropyl methyl
cellulose phthalate/erythromycin fibres,!?%l poly(L-
lactic acid) fibres,?” carbon fibres?>23 and zein
fibres.[32 Here it should be noted that our observed
ribbons or twin fibres are slightly different from the
flat ribbons reported by Koombhongse et al.[21:22:28,29)]
The ribbons mainly show that their surfaces are very
smooth and not wrinkled. In addition, many long
ribbons exhibit twin-fibre structures with cocoon-like
shapes. As demonstrated previously by Koombhongse

[21] collapsing from a thin walled tube formed on

et al.,
the moving liquid jet due to a rapid vaporization of
solvent from the surface of the jet may be one of the
possible reasons for the formation of such ribbon struc-
tures. However, the formation of the thin walled tube
is questionable for the present case and some other

cases.[20:21,26.27] [ addition, splitting resulting from

Coulomb repulsion of the charges on the skin of the

jet may be also a key reason.??

B

mutual repulsion

mutual repulsion

iv

+ positive charge

Fig. 7. Schematic of the fibre-division model and SEM
images of (a) electrospun fibres deformed from state B
(elliptic shape) to state C (ribbon-like shape) and (b) the
ribbon-like fibres.

As we know, when electric forces overcome the
surface tension forces, the charged polymer jets are
ejected from the Taylor cone, carrying a large num-
ber of positive charges due to the applied high dc
The
fibres become increasingly thinner because of elonga-

voltage, and then rush towards the collector.

tion and/or splitting in the process of electrospinning.
In addition, it is less possible that the twin-fibre-like
ribbons are formed by combing two individual spun fi-
bres because they carry the same positive charges and
repulse each other. Here, based on our observed ex-
perimental results, we develop a fibre-division model
resulting from Coulomb repulsion and solvent vapor-
ization in order to interpret the formation of the rib-
bons. As shown in Fig. 7, in the whole process of
electrospinning: (i) Under the actions of static electric
field and mutual repulsion in the jet, as well as the in-
fluence of some kind of perturbation or instability,[”!
positive charges could be disturbed and redistributed,
and Coulomb repulsion begins to make the fibre/jet
deformed and have an elliptic cross section (state B).
Here it is worth while to note that an asymmetrical
vaporization of solvent from the surface can also make
the jet deformed, but it is less possible to be the main
reason for deformation in this case due to the size
of the fibre/jet. (ii) If Coulomb repulsion is strong
enough, the repulsion forces may stretch the fibre from
state B (elliptic shape) to state C (ribbon-like shape)
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gradually, just like from metaphase to anaphase in cell
mitosis. From Fig. 7(a), it can be clearly observed that
a shallow gap along fibre axis appears on the surface
of the fibre. (iii) As the fibre-division continues, the
gap becomes deeper and fibre segments on both sides
of the gap tend to be of a cylindrical shape (state D).
Herein we define fibres with states between C and D as
ribbon-like fibres or twin-fibre-like ribbons. (iv) When
the Coulomb repulsion surpasses the viscous force and
surface tension, two new fibres are produced from a
ribbon-like fibre, each with a smaller diameter than
that of parent fibre. If the Coulomb repulsion force,
the viscous force and the surface tension cannot reach
a balance, a further fibre division will occur and con-
tinue until the jets are deposited on the collector.

In this study, the Ce(NOj3)3/PVP precursor solu-
tions with different Ce(NOj3)s loadings were used to
spin in the same experimental conditions. With the
loading of Ce(NOg)s increasing, the viscosity of spun
solution is increased and there are more ions in the
solution, so that viscous force and Coulomb repulsion
are enhanced efficiently. Whereas, it is found that the
viscosity is a more important factor than the increased
ions during the electrospinning process. A higher vis-
cosity can slow down the fibre division and prolong

the division period. As a result, when Ce(NO3)3 con-

tent increases, there will be fewer fibre divisions and
an enhancement of fibres diameter. This analysis is

consistent with the results of Figs. 2(a)-2(c).

3.5.Influence of operation voltage and
work distance

Since Rojas et al.?®! proposed that the relatively
high voltage used in electrospinning favoured the for-
mation of ribbons, we have further studied the influ-
ence of experimental parameters on the formation of
the ribbon-like fibres. One group of experiments was
to fix the work distance (15 cm) and set the operation
voltages to be 15, 20, and 25 kV, separately. In an-
other one, the applied dc voltage was fixed to be 20 kV
and the work distance was varied from 12 ¢m to 15 and
18 cm separately. The SEM images in Figs. 8 and 9
exhibit that ribbons or twin fibres are observed in all
these cases. It is known that the applied dc voltage
and the work distance can change the strength of elec-
tric field and thus the electric forces on the charged
jet/fibre. Previous results have shown that the mor-
phologies of spun fibres can be modified by changing

voltage or work distance.'"]

However, the above re-
sults indicate that the formation of ribbon-like fibre is

less dependent on applied voltage and work distance.

Fig. 8. SEM images of composite fibres in the presence of different applied high voltages. (a)—(c) Applied high voltages are

15, 20, and 25 kV, respectively. (d)—(f) Typical enlarged SEM images of panels (a)—(c). Ribbon-like or twin fibres are observed

in these cases.
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Fig. 9. SEM images of composite fibres in the presence of different work distances. Work distances are (a) 12, (b) 15,

and (c) 18 cm. Panels (d)—(f) show typical enlarged SEM image of panels (a)-(c). Ribbon-like or twin fibres are also

observed.

The possible reason is that the fibre division is
mainly related to an inner mechanical equilibrium of
the charged fibre, which depends on physical prop-
erties (e.g., viscosity and electrical conductivity) of
precursor solution.!17:22:29]

4. Conclusion

Cerium nitrate/polymer (with 0.47, 0.92 and
1.38 wt% Ce(NOg3)3) composite fibres are fabricated
by electrospinning. After calcination, 200-nm CeOq

\
nanowires are also successfully obtained. Their mor-
phological, structural and fluorescent properties are
characterized. It is interesting that unusual ribbon-
like or twin fibres are observed. A fibre-division model
resulting from Coulomb repulsion and solvent vapor-
ization is developed to explain the formation of the
ribbons or twin fibres. This model is confirmed by
SEM studies. It is found that the formation of the
ribbons or twin fibres is less dependent on operation
voltage and work distance. Further studies on the
mechanism of formation of the ribbons or twin fibres
are still needed.
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