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Different PA66/Cu nanofibers were prepared under various electrospinning pa-
rameters through bubbfil electrospinning. The process parameters were deter-
mined. Cuprum particles with different size were added to PA66 solution to pro-
duce PA6/66-Cu composite nanofibers. The influence of cuprum nanoparticle size
on the PAG6 nanofibers was analyzed.
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Introduction

Dueto the depletion of fuelsand theincreasing demand of energy for economic devel-
opment, it isurgent to devel op renewable energy technol ogies to sustain the economic growth.
The 1-D nanostructured materials such as nanofibers (NF), nanowires [1], nanotubes [2], and
nanorods [ 3] have attracted extensive attention due to their unique physical and chemical char-
acteristics. In recent years, new functional composite NF have become the focus of studies for
their unique properties compared to other nanostructured materials for applications in energy
field. Until now, several methods such as template-assisted synthesis, chemical vapor deposi-
tion, self-assembly, wet chemical synthesis, and el ectrospinning have been applied to prepare
nanofibrous materials[4]. Amongst these methods, el ectrospinning has been recognized as one
of the most favorite technique.

Based on the mechanism of spider spinning and the principle of bubble dynamics, bub-
ble electrospinning, also known as bubbfil electrospinning, has been proposed for large-scale
production of NF materials. In order to lower the surface tension, bubbfil electrospinning uses
polymers or melts' bubbles or membranes to generate multiple jets for high efficient mass pro-
duction of NF[5]. The jet gjection velocity in bubbfil electrospinning process can be as high as
100 m/s, thus ajet can reach the collector in just 0.001 second. The minimal diameter of the ob-
tained fiberscan be asfine as5 nm. Therefore, bubbfil electrospinning isafacile method for fab-
rication of NF with high surface areato volume ratio and high porosity. An important attribute
of the bubbleisthat it does not have any specia requirement for the solution. The surface ten-
sion reduction only relatesto theradius of the bubble and theinside and outside pressure (P, and
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P,) of the bubble, respectively, asexpressedin T = 0.5r (P, —P,) [6]. Aslong asthe bubbles are
small enough to allow the electrostatic force to break the surface tension of the bubble, jetswill
be generated and NF can be obtained. The diameter of the NF acquired depends largely on the
bubble size. Meanwhile, the size of the bubbles can be adjusted through the inlet pressure, solu-
tion temperature, and the location of the top of the air tube [7].

Cuprum nanoparticles connected by or encapsulated in some precision components
were often used in small devicesto realizethe function of electromagnetic shielding. Li et al. [8]
produced Cu nanoparticles by reduction reaction in the water, then mixed in polyvinyl alcohol
to generate PVA/Cu NF. Tao et al. [9] got silver/PA6 NF by electrospinning for preparation of
Cu NF through reduction reaction.

Using bubbfil electrospinning, this paper conducted a study on mass-production of
1-D PA66/Cu NF to explore the potential of Cu-based nanofibrous materials for renewable en-
ergy applications such as solar cells, fuel cells, nanogenerators, hydrogen energy harvesting,
and storage, lithium-ion batteries.

Experimental

Materials. Nylon-66, with an average molecular weight of 15,000 g/mol purchased from
Sigma Aldrich, anhydrous formic acid (88 wt.%) purchased from Sinopharm Chemical Reagent
Co., Ltd., and copper sulfate (249.58, Shangha Xin reagent factory) were used in these experi-
ments, 40% joint-test formal dehyde solution and oleic acid were both purchased from Shanghai
chemical reagent Co., Ltd., pure ethanol wasfrom drug group Chemical Reagent Co., Ltd, sodium
hydroxide (96% or higher) was purchased from reagent factory in Shanghai, polyvinylpyrrolidone
with an average molecular weight of 50,000 g/mol was from national medicine group Chemical
Reagent Co., Ltd. All materias used were without further purification.
Solution preparation. 22.68 g Cu sulfate and 33.3 mL formal dehyde were dissolved in
180 mL direct injection (DI) water. Pure ethanol and sodium hydroxide were dissolved in an-
other 180 mL DI water. Oleic acid was added into different concentration of
polyvinylpyrrolidone which was scattered in aqueous sol ution as the passivator in three flasks,
and then the flasks were heated to 60 °C under nitrogen gas. These two solutions were prepared
in the three flasks to prepare three different sizes of Cu nanoparticles. For preparation of Cu
nanoparticle electrospinning solution, 1.5 g PA66 was dissolved into 7.5 g anhydrous formic
acid, afterwards 0.2 g Cu particles were added into at the room temperature. The mixture was
stirred at 80 °C until a homogeneous and transparent solution was obtained. The solution was
then cooled down to room temperature for experiment.
Electrospinning set-up. Figure 1 shows the schematic of a bubbfil electrospinning
set-up, which includes a high voltage generator, an air pump, asolution reservoir, amotor and a
grounded collector. Different voltage, such as
10 kv, 15 kv, and 20 kv, was applied to investi-
gate the influence of voltage on the NF. The
5 G lH: S g tip-to-collector distances in the experiment
K / were also altered from 10 cm, 15 cm to 20 cm.
h il | n Polymer solution was added into the solution
1 reservoir which is connected to a gas pump

Collector

High vaitage

Solution

reservoir 15| petal -
[“electrode A through a hollow metal electrode. The positive
— Il Gas pump voltage was applied to the electrode with ahigh

voltage power generator (CPS-40KO3VIT,
Figure 1. Device for bubbfil electrospinning Chungpa EMT Co., Kored). All electro-spin-
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ning experiments were carried out at ambient conditions. The samples were placed in avacuum
oven for 24 hours at room temperature to remove the solvent residuals.

After the optima process parameters were determined, Nylon66 NF with Cu
nanoparticles in the range of 10-100 nm, 100-500 nm, and 500-1000 nm were prepared and
calcinated at 800 °C using a muffle furnace.

Test and characterization of electrospun fiber meshes: Tensiletest was conducted with
auniversal material testing machine (INSTRON 3365). The morphology of the electrospun NF
was observed with a scanning electron microscope (SEM, Hitachi S4800, Japan) with an accel-
erating voltage of 3 kV and the captured images were analyzed with Image-Pro-Plus tool soft-
wareto calculate the average diameter of the NF. X-ray photoel ectron spectroscopy was used to
analyze the existence of Cu element.

Results and discussion
Material fabrication

Figure 2 showed typical FE-SEM micrographs of the nylon6/66 NF webs. The aver-
age diameter of the obtained electrospun nylon6/66 fibers ranged from 80 nm to 200 nm, as
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Figure 2. The FE-SEM micrograph of fibers bubble-electrospun from nylon6/66
dissolved in the formic acid 88 wt.% solutions at different parameters
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shown in tab. 1. It can be seen that the surface of the fibers are mostly smooth and the NF pro-
duced at 20 kV voltage and 15 cm collecting distance are thefinest and have the best uniformity.

Table 1. The average diameters at the different parameters

Parameter a b c d e f h i j
A"er(afgg:%“eter 114.29 | 118.98 | 107.76 | 115.26 | 10343 | 97.55 | 123.79 | 105.83 | 101.22

For PA66 NF with 10~100 nm Cu nanoparticles incorporated, as shown in fig. 3(a),
the average diameter was 287.54 nm. The Cu nanoparticles can barely be observed on the sur-
face of the nanofibresindicating most of the Cu particleswere embedded in the composite NF.

(a) (b)

Figure 3. Surface morphology of PA66/Cu composite NF membranes and adhesion in different particle
sizes; (a) 10~100 nm, (b) 100~500 nm, (c) 500~1000 nm

When the Cu nanoparticles size increased from 100 nm to 500 nm, the average diame-
ter of PA66/Cu NF increased to 304.59 nm. More Cu nanoparticles were found on the fiber sur-
face, as shown in fig. 3(b).

Regarding the 500~1000 nm Cu nanopartilces, the average diameter of the resultant
PA66/Cu composite NF was 347.89 nm with diameter distribution ranging from 210-616.83 nm.
Because of the Cu particle sizeismuch larger than that of the composite NF, most Cu nanoparticles
werefound either in between thefibers or exposed on the surface of thefibers, asshowninfig. 3(c).

Analysis of the FTIR
o 1516 1643 In order to examine whether Cu particles
207 2029 0 have influence on PA6/66, infra-red spectra of
1285 the three PA6/66-Cu NF were characterized by

95 ! 2848 | 3300

Fourier transform infrared (FTIR) spectroscopy

10510 (Nicolet 5700). The resultswere shown infig. 4.
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Figure 4. The FTIR of PA66/ Cu composite N the nylon6/66 exhibited stretching vibration
membranesin different particle sizes band at the 695 cm* and 1377 cnv [10]. The

Transmittance [%]
[N
o o
i

(=T ]
o (=]
L L




Li, Y., et al.: Bubbfil Electrospinning of PA66/Cu Nanofibers
THERMAL SCIENCE: Year 2016, Vol. 20, No. 3, pp. 993-998 997

characteristic absorption bands at 3300 cn* were dueto the stretching vibration of O-H inthewa-
ter. The characteristic absorption bands at 3309 cm* were the vibration of the C ring within mono-
mer form. The CH, in nylon6/66 exhibited asymmetric and symmetrical vibration absorption peak
at the 2929 cm* and 2848 cmr™. It is clear that the addition of Cu had no effect on the chemical
structure of nylon6/66 NF.

Dueto theincorporation of different Cu nanoparticlesin the NF, the strength of the NF
membranes was different, as shown in tab. 2. The composite NF with Cu nanoparticles in the
range of 10~100 nm showed the highest strength since most of the nanoparti cleswere embedded
in the NF and hence the NF were reinforced by the particles. Asthe particle sizesincreased, Cu
nanoparticles were too big to be embedded in the NF. The incorporated Cu nanoparticles be-
came the structure defects of those composite NF, therefore the fibers were weaker.

Table 2. Mechanical properties of PA66/Cu composite nanometer fiber membraneswith
different sizes of nanoparticles

Nanoparticle [nm] Fracture strength [MPa] Elongation at break [%]
10 nm~100 nm 4.65 10%
100 nm~500 nm 1.73 14%

500 nm~1000 nm 0.9 5%

The XPS analysis of Cu/PA66 NF after calcination

Figure 5 shows the X-ray photoelectron spectroscopy (XPS) spectra of sintered
PA66/Cu composite NF studied by means of X PS-peak-differentation-imitation analysis. Curve
fitting of the spectra was done by a mixture of Gaussian and Lorentzian (GL) functions on a
Shirley-type background. The parameter of % Gaussian-Lorentzian was set as 80%. When the
particle sizes were between about 10~500 nm as shown in fig. 5(a), there were five resolved
peaks, among which the peak of Cu,0 was at 932.9 eV, CuO peak existed at the position of
935.4 eV as aresult of oxidation or chemical reaction with NaOH in the solution potentially.
Therest peaksall ascribeto Cu, suggesting the mass proportion of Cu was about 82%. When the
particle sizeswerelarger than 100 nm and smaller than 500 nminfig. 5(b), the ingredients were
shown compl etely Cu. For Cu between 500~1000 nm, five peakswere also could be seenin fig.
5(c), indicating CuO was produced at 933.9 €V. The main constituent part was Cu with the pro-
portion of nearly 85%.

Peak  Position Area FWHM % GL Peak Position Area FWHM % GL Peak Position Area FWHM % GL

0 ©932900eV 2500853 2239ev 80% , 0 3326006V 6212462 23850V 82% 0 933.900eV 3264220 29856V 80%
1 9354286V 1450544 2081eV 80% | 2 326366V 3544.695 4.945eV 82% 1 937.300eV 959.470 4.192eV 80%
2 9431i4eV  1819.336  3.083eV 80% | 1 352.354eV 3678545 3353eV B2% 2 953.704eV 2735905 4.695eV 80%
3 952900eV 4319321  2158eV 80% | 3 342464eV 765973 1.411eV 82% 3 942637V 1924237 3834eV 80%
y \ 4

Q38727 eV 10002463 2803eV 80% 939.868 eV 330234 1.374eV 80%
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Figure 5. The XPS spetra of Cu NF got after polymer burned in different particle sizes; (a) 10~100 nm,
(b) 100~500 nm, (c) 500~1000 nm
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Conclusions

The PA66 NF were fabricated through bubbl e-el ectrospinning process. The optimized
process parameters were determined to be 10%, 20 kv, and 15 cm. Different PA66/Cu compos-
ite NF were prepared by adding different Cu nanoparticles to the el ectrospinning solution. The
Cu particle size was found had significant influence on the mechanical properties of the com-
posite NF. If too large Cu were incorporated, the structure of the composite NF would deterio-
rate and the NF becameweaker. The FTIR analysisreveal ed that the addition of Cu had no effect
on the chemical structure of PA6/66. The XPS analysisreveal ed that after sintering the main ex-
istence form of Cu element in PA66/Cu NF was Cu substance. This study proved that bubbfil
electrospinning is an efficient and low cost technology for mass-production of functional com-
posite NF that will be extremely useful in the near future for commercialization of
nanocomposite fibers.
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