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ABSTRACT

Organic-inorganic core-shell nanofibers were
fabricated by combining electrospinning and atomic layer
deposition (ALD). In the first step, nylon66 (polymeric
organic core) nanofibers having different average fiber
diameters (~100 nm, ~250 nm and ~650 nm) were
electrospun by using different solvent systems and polymer
concentrations. In the second step, uniform and conformal
layer of zinc oxide (ZnO) (inorganic shell) with precise
thickness (~90 nm) and composition on the round surface
of the nylon nanofibers were deposited by ALD. The coreshell nylon66-ZnO nanofibers have shown unique
properties such as structural flexibility due to the polymeric
core and photocatalytic activity due to the ZnO shell layer.
Keywords: core-shell nanofiber, electrospinning, atomic
layer deposition, photocatalytic activity, zinc oxide
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INTRODUCTION

Electrospinning has gained growing attention in
the past decade since this technique is quite versatile and
cost-effective for fabricating functional nanofibers from
variety of materials including polymers, polymer blends,
metal oxides and composite structures, etc [1-7]. Since the
fiber diameter ranging from micron down to a few tens of
nanometers, electrospun nanofibers and their nanowebs
have several unique characteristics including a very high
surface area to volume ratio and pore sizes within the
nanoscale [1-10].
The core-shell types of electrospun nanofibers are
also very attractive for developing multi-functional
nanowebs. For instance, organic-inorganic core-shell
composite nanofibers would be quite interesting which
combine the advantages of the polymers such as flexibility
and light weight along with the properties of the inorganic
materials such as high mechanical strength, high thermal
stability and excellent electrical, magnetic, optical,
catalytical properties, etc [11,12]. Yet, the fabrication of
organic-inorganic core-shell nanofibers is somewhat
challenging since the deposition of inorganic shell layer
requires a high temperature process which can easily
deform the polymeric core structure.
Recently, atomic layer deposition (ALD)
technique has been explored to produce conformal and very
thin inorganic coatings on fibrous systems such as

cellulose-based filter paper, nonwovens, synthetic and
natural fibers [13,14]. ALD is a special type of lowtemperature chemical vapor deposition, in which the
substrate is exposed to sequential pulses of two or more
precursors separated by purging periods [15]. Unless
decomposition of the precursor occurs; each pulse leads to
surface reactions that terminate after the adsorption of a
single monolayer. Film growth mechanism of ALD is
therefore self-limiting, which gives rise to unique properties
such as high uniformity and conformality, as well as subnanometer thickness control. ALD process is very flexible
so that very thin layers of metals, metal oxides or metal
nitrides can be fabricated onto different types of substrates
[13-15].
In this study, we have successfully achieved
organic -inorganic core-shell nanofibers by combination of
electrospinning and ALD in which nylon66 (organic core)
nanofibers were obtained by electrospinning, and then, zinc
oxide (ZnO) (inorganic shell) were precisely deposited onto
electrospun nylon66 nanofibers by ALD technique.
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2.1

EXPERIMENTAL

Materials

Nylon66 pellets (Mw 262.35 g/mol), formic acid,
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), rhodamine-B
were purchased from Sigma-Aldrich and used without any
purification.

2.2

Methods

We produced organic-inorganic core-shell nanofibers by
using two processing steps: electrospinning and atomic
layer deposition (Figure 1). Firstly, Electrospun nylon66
nanofibers having different average fiber diameters (~100
nm, ~250 nm and ~650 nm) were obtained by varying the
solvent type (HFIP and formic acid) and polymer
concentrations (5 wt % and 8 wt % nylon66).
In the next processing step, ZnO deposition on the
electrospun PA66 nanofibrous membrane was carried out at
200°C in Savannah S100 reactor (Cambridge Nanotech).
800 cycles (~1.4 Å/cycle) of ZnO were deposited using
diethyl zinc (Et2Zn or DEZn) and water (H2O) as the zinc
and oxygen precursors, respectively. N2 was used as the
carrier gas with a flow rate of 20 sccm.
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The TEM images also revealed that the thickness
of the ZnO shell layer was about 90 nm (Figure 3a). The
conformal layer-by-layer deposition of ZnO onto the round
surfaces of individual electrospun nanofibers is unique to
ALD process which resulted in uniform thickness of the
ZnO shell layer even the nylon66 nanofibers were randomly
distributed in the form of nonwowen and the fiber
diameters are very different from each other.
We have shown that these nanowebs can be easily
handled and folded as a free standing material (Figure 4).
The energy-dispersive X-ray (EDX) study was also
performed for the core-shell nylon66-ZnO nanofibers. The
elemental mapping by EDX shown in Figure 5 further
confirmed the successful deposition of ZnO shell layer onto
nylon66 nanofibers. Zinc (Zn), oxygen (O) and carbon (C)
elements were detected in the EDX spectrum, and Zn and O
are originated from ZnO shell layer and the C is coming
from the organic core structure of nylon66.

Figure 1: (a, b) Schematic representations of
electrospinning and atomic layer deposition (ALD)
processes, respectively; (c) schematic representation of the
formation of organic-inorganic core-shell nanofibers.
The morphological, structural and chemical analyses of
core-shell nylon66-ZnO nanofiber were performed by using
scanning electron microscopy (SEM), transmission electron
microscope (TEM) and energy dispersive X-ray (EDX)
The photocatalytic activity of the core-shell nylon66ZnO nanowebs (weight of nanoweb: 9.3 mg) were tested by
monitoring the photocatalytic decomposition of organic dye
molecule (rhodamine-B) under UV irradiation at 365 nm
wavelength (UV source: 8 W, UVLMS-38 EL). As a
control experiment, Rh-B solution without containing
nanofibers was also examined under the same UV treatment
in order to investigate whether any direct photolysis
occurred or not.
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a

RESULTS AND DISCUSSION

As seen in Figure 2, uniform bead-free nylon66
nanofibers have smooth and uniform surface, however, the
surface of the core-shell nylon66-ZnO nanofibers was
noticeable rougher due to the grainy structure of the outer
ZnO layer [16]. The SEM images also showed that the
ALD process yielded uniform coverage of ZnO shell layer
over a relatively large surface area of the electrospun
nanofibers. In addition the core-shell structure is clearly
seen in Figure 2b.
The morphologies of the core-shell nylon66-ZnO
nanofibers were further investigated by TEM and HAADFSTEM studies (Figure 3). The TEM and HAADF-STEM
images also clearly showed that nylon66-ZnO nanofibers
have core-shell structure. It is evident that ZnO shell layer
was uniformly deposited onto individual nylon66
nanofibers. The surface of the nylon66-ZnO nanofibers was
rougher due to nanosized grains of ZnO [17].

b

Figure 2: Representative SEM images of (a) nylon 66
nanofibers, (b) nylon66-ZnO core-shell nanofibers.
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Figure 3: (a) TEM and (b) HAADF-STEM images of
nylon66-ZnO core-shell nanofibers.

Figure 4: The photograph of the flexible nylon66-ZnO
core-shell nanoweb

Figure 5: EDX spectrum of nylon66-ZnO core-shell
nanofibers and chemical maps of C, Zn and O.
ZnO is a well known excellent nontoxic catalyst owing
to its high catalytic activity, high photosensitivity, suitable
bandgap and low cost [18-22]. The change of the absorption
peak of Rh-B at 554 nm in the UV–Vis spectra was
monitored as a function of UV irradiation time (Figure 6a)
and the absorption peak points were used for calculating the
degradation rate of Rh-B defined as C/C0 where C0 and C
represent the initial concentration of Rh-B before UV
irradiation and after UV irradiation at time t, respectively
(Figure 6b). As given in Figure 6, direct photolysis was not
detected for the blank Rh-B solution without containing
core-shell nylon66-ZnO nanoweb. On the other hand, we
observed that the absorbance of dye solution containing this
core-shell nanofibers reduced with respect to UV irradiation
and therefore pink color of dye solution disappeared in 16h
of UV irradiation. Therefore photocatalytic degradation of
Rh-B was occurred by core-shell nanofibers successfully.
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Figure 6: The UV–vis spectrum of the Rh-B solution
containing nylon66-ZnO core-shell nanofibers (a) as a
function of the UV irradiation time, (b) the rate (C/C0) of
Rh-B degradation and the colour change of the RhB
solution after 16 hr.
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CONCLUSION

In this study we have presented the fabrication of coreshell nylon66-ZnO nanofibers by combination of
electrospinning and ALD techniques.
Here, we have shown that the resulting core-shell
PA66-ZnO nanowebs can be a very good candidate as a
filtering material because of the flexible polymeric core and
the photocatalytic activity of the ZnO shell layer.
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