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The silicone-sheathed nanofibers based on ZnO-SiOy nanofibers transformed into Zn nanocrystal embedded polydimethylsiloxane
(silicone) nanofibers by using electron-beam irradiation. Transmission electron microscopy (TEM) images showed that silicone-
sheathed ZnO-SiOx nanofibers were synthesized during electron-beam irradiation of the calcined ZnO-SiOx nanofiber. High-
resolution TEM image showed that the nanofibers were transformed into Zn nanocrystal embedded silicone nanofibers. The structural
variation of the nanofibers was attributed to the evaporation and deposition of the silicone molecule and to the thermodynamic and
double ionization effects during electron beam irradiation. The Zn nanocrystal embedded silicone nanofibers were formed due to the
oxidation and the reduction due to the thermal and double ionization effects at the later stage of the electron-beam irradiation.
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One-dimensional (1D) nanocomposites have attracted a great deal
of interest due to their particular physical properties and poten-
tial applications in sensors, solar cells, transistors, nanogenerators,
and multifunctional electronics.'™ The prospect of potential appli-
cations of electronic and optoelectronic devices fabricated utilizing
1D nanocomposites has led to substantial research and development
efforts on surface modification, structural engineering, and compo-
sitional control.>”” Among the various kinds of 1D nanocomposites,
1D core-shell and encapsulation systems of semiconductors or metal
nanocrystals surrounded by an insulating layer have become par-
ticularly attractive because of their promising applications in next-
generation electronic and optoelectronic devices.®!° The sol-gel pro-
cess, co-sputtering deposition, thermal evaporation, chemical vapor
deposition, pulsed laser deposition, ion implantation, and irradiation-
induced modification method have been used to form such types of
nannocomposites.!!~13

The electron-beam irradiation process in a transmission electron
microscope (TEM) induces a structural transformation of the Zn-
Si-O thin film to metallic Zn nanocrystals in a SiO, matrix.'®!
Even though some works concerning the formation and the physical
properties of Zn nanocrystals embedded in an insulating layer have
been conducted,!” comprehensive studies on the formation mecha-
nisms of Zn nanocrystals inserted in polydimethylsiloxane (silicone)
nanofibers by using electrospinning and electron-beam irradiation
have not been reported yet. Furthermore, nanocomposites contain-
ing metal nanocrystals embedded in silicone nanofibers have emerged
as excellent candidates for potential applications in next-generation
electronic devices because of their excellent advantages of flexibility,
high chemical stability, and high self-healing ability.'8-2°

Transmission electron microscopy (TEM) and selected area elec-
tron diffraction pattern (SADP) measurements were carried out to
investigate the microstructural properties of the polymeric sheath, the
ZnO and the Zn nanocrystals embedded in the nanofiber. Energy dis-
persive spectroscopy (EDS) and electron energy loss spectroscopy
(EELS) measurements were performed to investigate the stoichiome-
tries of the polymeric sheath and the ZnO-SiOy nanofibers. The trans-
formation mechanisms from the electrospun metal-oxide semiconduc-
tor nanofibers to the silicone-sheathed nanofibers and the formation
mechanisms of the metal nanocrystal embedded silicone nanofibers
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are described on the basis of the high-resolution TEM (HRTEM)
images, the EELS mapping, and the EDS profiles.

Experimental Details

The ZnO-SiOy nanofibers used in this study were formed by us-
ing an electrospinning technique. ZnO-SiOy nanofibers have been re-
ceiving considerable attention for promising applications in catalysts,
gas sensors, field-effect transistors, transparent optical devices, and
photoelectrochemical cells.?! The SiO, surface of the metal-oxide
semiconductor in the absorption/emission range is optically trans-
parent, and the surface has excellent functions with attachment of
biomolecule ligands.?> The ZnO-SiO, nanofibers were transformed
by irradiating them with an electron beam from an electron accelerator
(300 keV and 1.5 mA). Electrospinning is one of the simplest, most
versatile, and lowest-cost methods for producing long continuous
fibers with typical diameters ranging from 50 nm up to few microm-
eters and with lengths of up to several centimeters. The formation of
the hybrid inorganic-organic nanocomposites is challenging due to the
controllable mixing of the materials.”* The method used in this study
overcomes the disadvantage of electrospinning by combining it with
electron-beam irradiation. In particular, the electron accelerator was
operated at room temperature and in the atmosphere, and the operator
could uniformly inject electrons into a sample with a very large are of
20 cm x 20 cm.?*

The precursor solution was prepared by dissolving zinc ac-
etate (0.84 g), tetraethyl orthosilicate (TEOS, 0.84 mL), and
polyvinylpyrrolidone (PVP, (C¢HoNp),, 0.8 g) in a mixture of
dimethyl formamide (DMF, 7.5g) and acetic acid. DMF was used
as a solvent, and acetic acid was added to ensure a mixed solution
with a high conductivity. The precursor solution was transferred into
a syringe and injected through a stainless steel needle, which was
connected to a high-voltage DC power supply. The solution was con-
tinuously fed at a constant and controllable rate by using a syringe
pump (KD Scientific, 781200). A high voltage of 13 kV was applied
between the needle tip and the stainless steel substrate, resulting in the
jetting of a continuous fiber stream, as shown in Fig. 1a. The distance
between the needle tip and the substrate was 30 cm, and the feeding
rate of the precursor solution was 1 wL/min. An adequate distance
between the tip and the collector electrode is required to allow the sol-
vent to evaporate during electrospinning. While the distance between
the tip and the counter electrode is 10-25 cm in laboratory systems
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Figure 1. Schematic diagrams of (a) the fabrication and (b) the electron beam
irradiation processes for the nanofiber.

under normal circumstances,? the formation distance for nanofibers
without beads in this electrospinning system is 30 cm. Subsequently,
the as-spun fibers were calcined at 600°C for 1 h in air in order to crys-
tallize the inorganic components and to remove the solvent and the
polymers. The sample with or without silicone rubber (polydimethyl
siloxane, [SiO(CH3),],), which is taken off adhesive film of silicone
adhesion tape, was placed, on an aluminum stage. Then, an electron
irradiation process was carried out by using an electron accelerator, as
shown in Fig. 1b. The electron energy of the electron accelerator was
300 keV, and its average current was 1.5 mA. The adhesive film was
composed of silicone, polymer containing silicon (Si), carbon (C),
hydrogen (H), and oxygen (O), as confirmed by the EDS spectra of
the adhesive film shown in the inset of Fig. 1b.

The nanofiber was taken off the substrate by using ultrasonica-
tions in acetone, methanol and distilled water at 60°C for 15 min
and was then rinsed in de-ionized water thoroughly. After chemical
cleaning, the nanofiber-loaded solution was spread on a TEM Cu grid
for TEM, EDS and EELS measurements. The Bright field TEM and
HRTEM measurements were performed using a JEM-ARM 1300S
high voltage EM (HVEM) and F30 S-twin field-emission TEM (FE-
TEM), operating at 1250 and 300 kV, respectively. The EELS and
EDS measurements were performed using post-column energy filter
(HV-GIF 2000, Gatan) attached to JEM-ARM 1300S and EDS System
(Genesis, EDAX) attached to F30 S-twin, respectively.

Results and Discussion

Figure 2 shows bright-field TEM images of (a) a calcined Zn-
Si-O nanofiber with a diameter of approximately 70 nm formed by
using an electrospinning method and of (b) a Zn-Si-O nanofiber with-
out silicone rubber and electron irradiated for 7 min and of Zn-Si-O
nanofibers with silicone rubber and electron irradiated for (c) 1.75,
(d) 3.5, (e) 7, and (f) 14 min. When the Zn-Si-O nanofibers are formed
by using the electrospinning method, ZnO nanocrystals are embed-
ded in an amorphous SiOy matrix with a rough surface, as shown in
Fig. 3a, which is a high-magnification image of Fig. 2a. When the cal-

T,=7 min

calcined
: t silicone rubber

T,=1.75 min

4 silicone rubber

Figure 2. The bright-field TEM images of (a) a calcined Zn-Si-O nanofiber
with a diameter of approximately 70 nm formed by using an electrospinning
method, (b) a Zn-Si-O nanofiber without silicone rubber and electron irradiated
for 7 min, and Zn-Si-O nanofibers with silicone rubber and electron irradiated
for (¢) 1.75, (d) 3.5, (e) 7, and (f) 14 min.

cined ZnO-SiO4 nanofibers without silicone rubber were irradiated
by using electrons for 7 min, the electrons directly interacted with the
atoms of ZnO-SiO, nanofibers, resulting in knock-on displacement,
E-beam sputtering, and heating.® Consequently, because the ZnO
nanocrystals embedded in the amorphous SiOx matrix transformed
into Zn or Zn-Si-O compounds in the nanofiber, they are fragile and
aggregated, resulting in the formation of a rougher surface in compar-
ison with the calcined nanofiber. Silicone-sheathed nanofibers were
synthesized during electron-beam irradiation with silicone rubber, as
shown in Figs. 2c—2e. Silicone-sheathed nanofibers or Zn nanocrys-
tals embedded in the silicone nanofibers were uniformly coated on
the sample. The silicone-sheath nanofibers with an optimal structure
have better thermal stability and extremely wetting characteristics due
to the super hydrophobic surface in comparison with the nanofibers
without sheath and conventional polymeric sheath nanofiber.>” The
thickness of the silicone sheath could be precisely controlled by us-
ing the electron-beam irradiation. Furthermore, the surface of the
silicone-sheathed nanofibers formed by using the electron-beam irra-
diation method was smoother than that of the calcined nanofiber, as
shown in Figs. 2c—2e.

The HRTEM images show the edge of the (a) calcined ZnO-SiOy
nanofiber and (b) silicone-sheathed ZnO-SiO nanofibers formed by
using the electron beam irradiation for 3.5 min in Figs. 3a and 3b,
respectively, indicating that the nanofibers have very smooth sur-
faces after electron-beam irradiation for 3.5 min with silicone rubber.
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Figure 3. (a) HRTEM image of the edge of a calcined ZnO-SiOy nanofiber,
and of (b) a ZnO-SiOy nanofiber that had been electron-irradiated for 3.5 min,
and (c) a SADP images taken from a calcined ZnO-SiOx nanofiber (left side)
and silicone-sheathed ZnO-SiOx nanofibers formed by using the electron beam
irradiation for 3.5 min (right side), and (d) EDS spectra taken from areas 1, 2,
and 3 of the inset of the bright-field TEM image and the chemical structure of
PDMS.

SADP images taken from a calcined ZnO-SiO, nanofiber (left side)
and silicone-sheathed ZnO-SiOy nanofibers formed by using the elec-
tron beam irradiation for 3.5 min (right side) have almost same ring
patterns, as shown in Fig. 3c. The SAPD images show that the embed-
ded nanocrystals in ZnO-SiOy nanofibers and silicone-sheathed ZnO-
SiOy nanofibers had the same wurtzite structure of ZnO nanocrys-
tals, indicating that ZnO-SiOy nanofibers maintain their original crys-
talline structure during an initial stage of the electron beam irradiation.
Figure 3d, which shows the EDS spectra taken from areas 1, 2, and
3 in the inset of the bright-field TEM image of silicone-sheathed
Zn0O-Si0y electron irradiated for 3.5 min, indicating that the silicone-
sheathed ZnO-SiO, nanofibers are well formed. The high intensities
of the silicon (Si), oxygen (O), and carbon (C) peaks of the EDS spec-
trum from area 1 are attributed to the silicone (polydimethylsiloxane;
PDMS). The chemical structure of the PDMS shown in the inset of
Fig. 3d indicates that the PDMS contains silicon (Si), together with
carbon (C), hydrogen (H), and oxygen (O) and that the Cu peak is
related to the copper grid.

Elemental mapping analyzes for the calcined ZnO-SiO, nanofiber
and for the silicone-sheathed ZnO-SiOy nanofiber formed by using
electron-beam irradiation for 3.5min have been performed. Figures 4a
and 4f show the bright-field TEM images, and Figs. 4b and 4g present
the element mappings of Si. Figures 4c and 4h show the element
mappings of Zn, and Figs. 4d and 4i depict the superposition of Si
(green) and Zn (red) for the calcined ZnO-SiOy nanofiber and the
silicone-sheathed ZnO-SiO, nanofiber. The elemental analyzes of the
EELS line profiles are shown in Figs. 4e and 4j. While the nanofiber
without sheath contains Si and Zn atoms in the same region, as shown
in Fig. 4e, the silicone-sheath nanofiber consists of Si and Zn atoms in
the different region. The existence of large amount of Si atoms formed
at the outer regions of the silicone-sheath nanofiber clearly appears,
as shown in Figs. 4j. These results are in reasonable agreement with
the EELS mapping data.

When an electron beam irradiates the Al plate, as shown in
Fig. 1b, the silicone molecules are evaporated into a vapor state by
separating them from the solid state of the silicone rubber by break-
ing the bonds between molecules. The vapor state of the silicone
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Figure 4. (a) and (f) bright-field TEM images, (b) and (g) element mapping
images of Si, (c) and (h) element mapping images of Zn, (d) and (i) overlay of
Si and Zn mapping images, and (e) and (j) elemental analyzes of the EELS line
profiles of the calcined ZnO-SiOx nanofiber and the silicone-sheathed ZnO-
SiOx nanofiber by using electron-beam irradiation for 3.5min. The Si and the
Zn signals are indicated as the green and the red colors, respectively.

molecules is condensed by depositing silicone molecules on the sur-
face of the nanofiber, resulting in the formation of the silicone sheath
for the ZnO-SiOy nanofiber. Even though the formation mechanism
of the silicone sheath is similar to that of physical vapor deposition,
the silicone sheath in this experiment was formed in the atmosphere
at room temperature.

Figure 5a shows a high-resolution TEM (HRTEM) image of the Zn
nanocrystals embedded in a silicone matrix, which is a magnification
of Fig. 2f. The SADP of the Zn nanocrystals is indexed as a wurtzite
structure, as shown in the inset of Fig. 5a. The weak diffused rings
of the SAED pattern are attributed to the amorphous silicone, includ-
ing a residual SiO, matrix, or to the small particle size. Figure 5b
shows the FFT filtered HRTEM image by masking {101}, reflec-
tions taken from the square area in Fig. 5a. The HRTEM image is
obtained by removing the background noise due to the trapping or the
scattering of electrons in the amorphous silicone, including a residual
SiO4 matrix, surrounding the Zn nanocrystals. These results indicate
that the silicone-sheathed ZnO-SiO, nanofiber is transformed into Zn
nanocrystal embedded silicone nanofibers.

The transformation from ZnO nanocrystals in a ZnO-SiOy
nanofiber into Zn nanocrystals embedded in a silicone nanofiber can
be described on the basis of the experimental results. First, because
the free energy for SiO, formation at ~900°C is much smaller than
that of ZnO formation, SiO, is thermodynamically much more stable
than ZnO.?%? Therefore, when the oxygen atoms interact with Si and
Zn atoms, SiO, formation is more intense than ZnO formation due
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Figure 5. (a) HRTEM image of Zn nanocrystals embedded in silicone
nanofibers, including residual SiOy, which is a magnification of Fig. 2f. The
inset is a SAED pattern taken from a Zn-Si-O nanofiber that had been electron
irradiated for 14 min. (b) FFT filtered HRTEM image of the rectangular area
in Fig. 5a, with masking {101}z, reflections, which was obtained by removing
the background noise.

to the larger free energy for SiO, formation. The deposition or the
reaction of the SiO, or the ZnO thin film does not always produce sto-
ichiometric oxygen contents with the production of substoichiometric
oxides. Similarly, the suboxide SiOy layer prefers to take oxygen from
the ZnOy and to oxidize into a thermodynamically stable SiO, layer,
resulting in a transformation of ZnOj into metallic Zn in this process.'®

Secondly, the subsequent excitation process caused by the electron
beam might generate two holes in the valence band due to the double
ionization effect,® resulting in a neutralization of the O?>~ ions. Zn**
ions are released from the network bonding due to the neutralization
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Figure 6. Schematic diagrams, and their corresponding transmission elec-
tron microscopy images, for the transformation mechanism of a calcined
nanofiber into a silicone-sheathed nanofiber, and Zn nanocrystal embedded
silicone nanofibers during electron-beam irradiation.

of the O~ ions. Because the emitted Zn>* ions capture secondary or
Auger electrons existing in the illuminated area due to the induced
electrostatic interaction, the Zn>* ions become neutralized to Zn°
due to the kinetic energy transferred from the electrons,' resulting
in the O-O bond formation of O, gas.'”3!:32 Based on this result,
the one-dimensional array structure of the dense ZnO nanocrystals in
the ZnO-SiO, nanofiber is transformed into zero-dimensional well-
isolated Zn nanocrystals embedded in a nanofiber, which is caused by
the decrease in the volume due to the deoxidation.

Even though the formation mechanisms of Zn nanocrystal embed-
ded silicone nanofibers by using electrospinning and electron-beam
irradiation might contribute to a probably quite complicated process,
the transformation mechanisms of a ZnO-SiO, nanofiber into Zn
nanocrystal embedded silicone nanofibers could be described on the
basis of the TEM images, and the SADP, the EDS profiles, the EELS
mappings, and the EELS profiles. After the Zn-Si-O nanofiber is cal-
cined at 600°C, because ZnO-SiOy compositions are the most stable
at high temperature,33 Zn0-Si0O, nanofibers are formed, as shown in
Fig. 6a. When an electron beam irradiate the ZnO-SiOy nanofibers
and the silicone rubber on the Al plate, a silicone sheath is formed on
the surfaces of the ZnO-SiOy nanofibers due to the evaporation and
the deposition of silicone molecules on the surfaces of the ZnO-SiO,
nanofibers, as shown in Fig. 6b. However, the silicone-sheathed ZnO-
SiO4 nanofiber is transformed into Zn nanocrystal embedded silicone
nanofibers, as shown in Fig. 6c¢, resulting from the oxidation and the
reduction due to the thermal and the double ionization effects at the
later stage of the electron-beam irradiation.

Conclusions

Zn nanocrystal embedded silicone nanofibers were formed by us-
ing electrospinning and electron-beam irradiation with silicone rub-
ber by using an electron accelerator (300 keV and 1.5 mA) for
14 min. Silicone-sheathed ZnO-SiO4 nanofibers were synthesized
during electron-beam irradiation of the calcined ZnO-SiOy nanofibers
and silicone rubber due to the evaporation and deposition of silicone
molecule at the initial stage of the process. The silicone-sheathed
Zn0-SiOy nanofibers were transformed into Zn nanocrystal embed-
ded silicone nanofibers due to thermodynamic and double ioniza-
tion effects during the electron-beam irradiation. Bright-field TEM
images, HRTEM images, EDS profiles, EELS spectra, and FFT re-
sults for the HRTEM images showed that silicone-sheathed ZnO-SiO,
nanofibers were formed and that Zn nanocrystals existed in the silicone
nanofibers. The formation mechanisms of silicone-sheathed ZnO-
SiOy nanofibers and of Zn nanocrystals embedded silicone nanofibers
are described on the basis of the bright-field TEM images, the HRTEM
images, the SADP results, the EDS profiles, and the EELS spectra. Zn
nanocrystal embedded silicone nanofibers hold promise for potential
fabrication applications in flexible electronic devices.
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