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Abstract: Fabrication of polymer composite fibers embedding ultra-long micro/nanowires via an
iterative melt co-drawing and bundling technique is reported in this study. The poly(methyl methacry-
late) (PMMA) porous array templates were prepared with section-cutting the PMMA /polystyrene
(PS) (shell/core) composite fibers and dissolution of inner PS. The results showed that the PS cores
or pores in the PMMA matrix are regularly arranged with hexagonal, and their diameter and spac-
ing exhibits a uniform distribution. Especially, the core diameter can be precisely controlled from
millimeter-scale to nanometer-scale by multi-step melt co-drawing. Based on the PMMA porous
array templates, the Cu nanowires were successfully prepared by electrochemical deposition. More-
over, to fabricate PMMA ultra-long micro/nanowires, the composite fibers with converse shell/core
component of PS/PMMA were initially prepared, and then the outer PS was dissolved. The ob-
tained PMMA micro/nanowires were characterized with smooth complete orientation structure. The
study provides an experimental basis for fabricating such polymer composite fibers, micro/nano
porous array templates, and micro/nanowires with precise and controllable manner to meet the real
application requirements.

Keywords: polymer composite fibers; micro/nano porous array templates; ultra-long micro/nanowires;
melt co-drawing; Cu nanowires

1. Introduction

Micro/nanowires have been attracting a great deal of attention for decades because
they are arguably the most studied micro/nano material model to make functional de-
vices [1-4]. For example, micro/nano porous array polymer template is always used to
prepare the metallic micro/nanowires, which plays a significant role in the regulation of
structure and size parameters of metal micro/nanowires [5,6]. The micro/nanowires or
composite fibers embedded with micro/nanowires are attractive building blocks for fabri-
cating functional devices, especially complex device arrays. Ultra-long micro/nanowires
are also used to design and integrate large-area, flexible, and high-density device compo-
nents, such as high-performance semiconductors on flexible polymers [7], implantable or
wearable chemical and biological sensing [8], large-area photodetectors, optical phased
array, and micro/nano fluidics channels, because they could benefit overall integration by
facilitating interconnection of nano-electronic device arrays to large scale input/output
wires in a system [9]. Note that, among the involved applications, the size and morphology
of micro/nano structures have a significant impact on the characteristics of the resulting
materials or functional devices [10-12].

At present, two kinds of methods, regarding template method and non-template
method, have been developed to prepare such micro/nano structures. Generally, the
template method is widely employed to fabricate micro/nano materials with special
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morphologies, such as nanowires and nanotubes. By using template as a carrier, the size,
shape, structure, and properties of micro/nano materials can be accurately controlled. This
relatively simple preparation process is very suitable for mass production. However, with
the increasing demand for high-precision performance of micro/nano functional devices,
one technically challenging preparation of the desired micro/nano structures with specific
micro/nano structure parameters (e.g., diameter, spacing, length, and their distribution)
is to enhance the designability and controllability. It is therefore essential to achieve the
precise control over them by putting forward an optimal and most cost-effective method.

During the preparation process of micro/nanowires using template method, one of the
most important issues is to obtain porous template with a specific geometric parameter at
a wide range. For this purpose, porous anodic aluminum oxide (AAO) template where its
pores can reach tens to hundreds of nanometers is always employed to fabricate the ordered
nanowires [13-15]. Recently, AAO templates, produced by one step aluminum anodization
and without the sputtering of a conductive metals on one side of the membrane, were
used to produce metallic nanowires up to 20 pm allowing for its application in several
electrochemical devices [16,17]. However, it should be noted that, this method fails to
form a micron-scale array pore structure because of the inherent characteristics of its
self-organization mechanism [18-21]. To obtain porous templates with diameter larger
than several dozen micrometers, laser drilling is proposed. Due to the uneven energy
distribution of laser, the shape of the obtained hole by such method is often irregular [22-25].
Moreover, other methods for preparing the porous template are also investigated. Heavy-
ion track etching technology can be used to prepare polymer templates with nanoporous
structure. It is a pity that the obtained pores randomly distribute and their diameter
or spacing can only be presented as a statistic result [26]. Although photolithographic
techniques can provide great controllability over the position and orientation of structures,
the length—-diameter ratio of nanowires is strongly constrained by the span—depth ratio of
the photoetching [27]. In a word, among the existing preparation methods, it is difficult to
obtain porous array template at a cross-scale range from millimeter-scale to nanometer-
scale, and further the geometric parameters of the resulting porous array template cannot
be designed with a controllable and precise manner.

To achieve the preparation of ultra-long nanowires, a great number of methods are
proposed. The electrospinning is usually used to prepare such ultra-long nanowires, but
it is difficult to produce ordered or oriented micro/nanowires [28,29]. Many direct-write
techniques and related improvements have also been developed to fabricate a variety
of nanowires and nanofibers, but there still lacks the capability to fabricate large scale
controllable micro/nanowires [30]. For the chemical synthesis method, the required opera-
tion temperature is always high, and the post-conversion process is complex, leading to a
difficulty in the preparation of ultra-long nanowires [31]. Another well-established method
is reported for fabricating ordered long nanowire or nanotube arrays in a flexible polymer
fiber [32]. The size parameters of the resulting nanowires can be effectively controlled by
using such method, but it is confined to the fabrication of aligned long multilateral multi-
functional fibers [33]. Although many fabrication methods of ultra-long nanowires have
been proposed, few studies focus on controlling the size parameters of the micro/nano
structures. Especially, it is also very difficult to obtain the micro/nano structures with
multi-scale size, always resulting in a limitation in real applications.

For these reasons mentioned above, a simple method, namely multi-step melt co-
drawing techniques [5,6,34], is proposed to prepare the micro/nano porous array polymer
templates and ultra-long polymer micro/nanowires. Compared with other conventional
methods, this technique possesses many advantages: (1) the size parameters of micro/nano
structures can be easily controlled in a large range (from millimeter-scale to nanometer-
scale); (2) the obtained arrangement morphology of the micro/nano structures exhibits
excellent uniformity; (3) high yield, high repeatability, easy operation; and (4) no being
limited to polymer materials. Furthermore, by selecting appropriate melt viscosity and
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thermal properties, such multi-step melt co-drawing technique can also be applied to
manufacture other metals or alloys.

In this study, a suitable core/shell material system of the preform was initially selected
according to their thermal, rheological, and solubility properties, and then the PMMA /PS
preform was melt co-drawn to form polymer fiber. After the cross-section and dissolution
of inner PS, the PMMA micro/nano porous array templates can be fabricated. By adjusting
the co-drawing steps and experimental parameters, the geometric sizes of pores in the
PMMA template can be precisely controlled. Based on the PMMA templates, an electro-
chemical deposition technique was used to prepare the Cu nanowires. Instead, when the
PS and PMMA were selected as the shell and core materials, a similar preparation process
can be used to prepare the PMMA ultra-long micro/nanowires. Moreover, the surface mor-
phology of the resulting PMMA micro/nano porous array templates and PMMA ultra-long
micro/nanowires was also characterized.

2. Materials and Methods
2.1. Materials

In this study, commercial PS and PMMA rods were used to prepare the preformed rod.
PS1 (M, ~ 310,000 g/mol) and PS2 (M,, ~ 240,000 g/mol) rods were purchased from Shang-
hai Yangiao engineering plastics. Co., Ltd (Shanghai, China). PMMA1 (M,, ~120,000 g/mol)
and PMMA2 (M,, ~ 300,000 g/mol) rods were purchased from Taiwan Qimei Co., Ltd.
(Tainan, Taiwan). Cyclohexane (purity > 99.5 wt%) and tetrahydrofuran (purity > 99.0 wt%)
solutions, used for the dissolution of PS and PMMA, were obtained from Guangdong
Guanghua Sci-Tech Co., Ltd. (Shantou, Guangdong, China) and Tianjing Kermel chemical
reagent Co. Ltd. (Tianjin, Hebei, China), respectively.

2.2. Sample Preparation

The schematic illustrations of the fabrication process for PMMA porous array tem-
plates, Cu micro/nanowires, and ultra-long PMMA micro/nanowires are shown in Figure 1.
As for the PMMA porous array template and Cu micro/nanowires preparation, the PS rod
(colored in blue) was inserted into PMMA tube (colored in grey) to make the preformed rod
for the first drawing step. Note that, the inner diameter of PMMA tube should match with
the outer diameter of PS rod. After the first drawing, the obtained PMMA /PS fibers were
cut into short pieces with equal length, which were stacked together to form a hexagonal
bundle in a thin-wall PMMA tube for the next drawing. By repeating the drawing-cutting-
stacking process for several times, the PMMA composite fibers embedded with ordered
arrays of PS micro/nanowires were obtained.

After that, the composite fiber was cut perpendicular to its axis, forming the slices
with a specific required thickness. To form a PMMA porous array template with a specific
thickness, the fiber was initially cut into slices with a thickness of several hundred microns
using a diamond wire cutting machine, and then the slice underwent double-faced grinding
and polishing to form a thin slice with a thickness of tens of micrometer, finally the PS was
dissolved in cyclohexane solution at approximately 60 °C.

Based on the PMMA porous array templates, Cu or other metallic micro/nanowires
can be prepared by the electrochemical deposition technique. Generally, the electrochemical
deposition process mainly consists of three main steps. First, an ultrapure Cu film with a
thickness of approximately 4 pm was deposited on one side of the template via magnetron
sputtering at a working pressure of 1.0 x 10~% Pa and input power of 40 W for approxi-
mately 8 h. Then, the conducting wire was connected to the metallic film to serve as an
electrode. To prevent margin deposition of the template, we covered the surrounding part
of the template with insulating tape so that only the porous part was exposed. Finally, the
sample was dipped into the electrolyte for the deposition processing. A 500 mL deionized
water solution of electrolyte was prepared with 100 g CuSOy, 30 g HySOy4, 49.5 mg NaCl,
0.2 mL New Kotic-A, and 2 mL New Kotic-C. The electrochemical deposition was carried
out at 0.3 V vs. saturated calomel electrode (SCE) and a 1 Hz direct current pulse for
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100-200 s. After the deposition process, the Cu or other metallic micro/nanowires can be
obtained through dissolving the PMMA template in the tetrahydrofuran solution.

)
First Second Third
drawmg step drawmg step drawing step
—— p—

Section-cutting Dissolving
—_—
. PS - Cu
PMMA
Dissolving
Dissolvin
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Figure 1. Schematic diagram of the fabrication procedure for the poly(methyl methacrylate) (PMMA) porous array templates,

Cu micro/nanowires and ultra-long PMMA micro/nanowires.

As for the preparation of PMMA micro/nanowires, it can be achieved by simply
changing the position of the two polymer materials. The PMMA rod (colored in blue)
was inserted into PS tube (colored in grey) to make the preformed rod. The main step
regarding drawing maintain unchanged. The obtained PS/PMMA composite fibers were
soaked in a cyclohexane solution to dissolve the PS at approximately 60 °C. The extracted
PMMA micro/nanowires samples were further rinsed gently with cyclohexane to remove
residual PS.

During the experiment, a special drawing system was used to carry out the fiber
drawing procedures. The system mainly consists of feeding, heating furnace, die, laser
micrometer, and capstan units. Firstly, the preformed rod was placed into the heating
furnace and preheated at a proper temperature. Then, the melted preform was extruded
from the die with a certain size into a fine flow while feeding the preform downward at a
certain feeding speed. The flow moved downward through the laser micrometer, and was
finally collected by a capstan with a certain drawing speed under a tensile force applied by
the tensile motor. Smaller fiber outer diameters could be obtained with a relatively smaller
die size (0.5 mm), lower feeding speed (0.25-0.5 mm/min), and higher drawing speed
(900-1800 mm/min). Larger fiber outer diameters could be obtained with a relatively
larger die size (1-3 mm), higher feeding speed (1-3 mm/min), and lower drawing speed
(300-900 mm /min).

2.3. Characterisation

The morphologies of the PMMA template with micrometer and nanometer porous
arrays and the corresponding PMMA micro/nanowire were characterized by optical mi-
croscope and scanning electron microscopy (SEM). Note that, during the SEM observation
process, the surface of the obtained materials must be coated with Au to achieve electric
conduction. Surface elements were analyzed using energy dispersive X-ray spectroscopy
(EDX) with an acceleration voltage of 15 kV. To obtain the optimal matching relationship
between the PS and PMMA materials, a differential scanning calorimeter (DSC) was uti-
lized to measure the glass transition temperatures of the samples. The samples were heated



Nanomaterials 2021, 11, 939

50f12

from 30 to 250 °C at a rate of 10 °C/min in a nitrogen atmosphere, and then kept at 250 °C
for 5 min to eliminate the thermal history. After that, the samples were cooled to 30 °C at a
rate of 10 °C/min, held at 30 °C for 5 min, and then heated to 250 °C at a heating rate of
10 °C/min. The constant nitrogen flow rate was 50 cm®/min. Moreover, the shear viscosity
of the materials was tested by a capillary rheometer at 220, 230, and 240 °C, respectively.

3. Results and Discussion

To successfully prepare the micro/nano porous array templates and micro/nanowires
with various components, the selecting and matching of the preformed core and shell mate-
rials systems is one of the most important issues to be addressed. During the co-extrusion
moulding process, the flow stability of the core and shell materials has a significant im-
pact on the interface of array structure, and it requires a close shear viscosity under the
appropriate temperature and shear rate. As a result, the thermomechanical properties,
regarding thermal deformation temperature and rheological properties of core and shell
materials should be initially well matched. The materials of the core and shell, on the other
hand, should be selectively dissolved. In detail, for the preparation of micro/nano porous
array template, the core material needs to be removed such that polymer porous structure
can be obtained. Of course, the dissolution process of core material is required to have
an ignorable impact on the shell material property. Moreover, to fabricate the polymer
micro/nanowires, the solubility of core and shell materials just exhibits an opposite rule.
Note that, the dissolution issue is not required during the fabrication of composite fiber
embedded with micro/nanowires.

The two kinds of PMMA (named PMMA1 and PMMAZ2) and PS (named PS1 and PS2)
are employed in this study as the alternative raw materials. To select a suitable material
system, the thermal and rheological properties of these materials were tested and analyzed.
The DSC testing results are shown in Figure 2, and the results show that, the glass transition
temperatures of PMMA1, PMMA?2, PS1, and PS2 were 102, 109, 108, and 85 °C, respectively.
It can be found that glass transition temperatures of PMMA?2 and PS1 were close, indicating
an existence of optimal matching relationship between them. As a result, the PMMA2 and
PS1 can be used as the preformed rods for the melt co-drawing experiments.

—PS1

Heat Flow, Endo

50 100 150 200

Temperature (C)

Figure 2. The differential scanning calorimetry heating curves of the PS1, PS2, PMMAI and
PMMAZ2 materials.

Further, the rheological properties of all the selected materials are also tested at
different shear rates and temperatures, and the relationships between the shear viscosity
and shear rate are shown in Figure 3. For all the PS and PMMA materials, the shear
viscosity decreases with the increase in the shear rate, showing a typical “shear thinning”
effect, which is beneficial to fibre drawing. It can be found that the shear viscosity of PS1



Nanomaterials 2021, 11, 939

6 of 12

and PMMAZ2 is nearest in the whole shear rate range. The shear viscosity of PMMA?2
is more sensitive to the change of temperature. With the increase in temperature, the
viscosity of PMMAZ2 decreases more obviously. In the low shear rate region, the viscosity
of PMMAZ2 is gradually close to PS1, and the intersections of the viscosity curves of PS1
and PMMAZ2 at 230 and 240 °C are observed. In other words, from the point of view of
rheological properties, the PS1 and PMMA?Z2 are also suitable for co-extrusion processing
under appropriate conditions.
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Figure 3. Relationships between shear viscosity and shear rate for raw materials: (a) PS1 and PMMAL,
(b) PS1 and PMMAZ2, (c) PS2 and PMMAL1, (d) PS2 and PMMAZ2 at 220, 230, and 240 °C.

In addition, for the drawing process of polymer, the melt strength should be taken
into account. Low melt strength is not conducive to fiber drawing and easy to break and
degrade. Of course, high melt strength is also not suitable for drawing. It is probably due
to that high melt strength contributes to the occurrence of unstable flow, always resulting
in the formation of serrated or melts fracture. It is therefore necessary to choose the
appropriate melt strength of material. Generally, the melt strength is mainly determined by
the molecular structure and molecular weight of the material. As for a specific material, its
melt strength can be obviously affected by the temperature. As the temperature increases,
the melt strength decreases. It is found that the fiber is prone to break in the process of
drawing at 240 °C, which is not conducive to continuous drawing. Instead, at 230 °C, the
whole drawing process is steady, and continuity and regularity of micro/nano structure
interface in the fiber present an excellent performance. Accordingly, the temperature of
230 °C is used as the operating condition during drawing process.

The experimental values of the fiber diameter obtained from the optical microscope
and SEM images are summarized in Table 1. For the PMMA (shell)/PS (core) material
system, the initial outer diameter of PMMA shell used for the preformed rod preparation
is approximately 29 mm, while its inner diameter is 8.6 mm. During the drawing process,
the outer and inner diameter of preformed rod decrease. In detail, after the first drawing
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step, the diameter of PS cores decreases to 180 um with a size reduction ratio of about 48.
After the second drawing step, the diameter of the PS cores obtains a value of 12 yum with a
size reduction ratio of about 15. The third step reduces the PS cores diameters to about 0.8
pum with a size reduction ratio of 15. As for the PS (shell)/PMMA (core) material system,
the diameter of the resulting PMMA cores after multi-drawing step exhibits various, and
the corresponding values are listed in Table 1.

Table 1. Experimental values of the fibers diameter after each drawing step.

Material Systems (Shell/Core) PMMA/PS PS/PMMA
Preformed rods gsc};il ((Qg)) ;96 1%)?6
1st-draw fibres %si‘;li EILTI?)) S 8?) g;lg
2nd-draw fibres DDschii Eﬁlnr?)) 11; 1196
3rd-draw fibres %:i ((il:r?)) (l)g }2

Note: Dgpen and Deore represent the diameters of shell and core materials after the drawing procedures, respectively.

The factors that influence the fibre size have been previously discussed (see Ref. [5,6]).
The geometric sizes of the array obtained via this method can be precisely controlled by
adjusting the preform core diameter, fiber outer diameter, and the number of iterative
drawing steps. Generally, the number of stacked fibres and the tightness among them also
show a great impact on the ultimate size of the array structure. Using this method, porous
array templates and indefinite wires with different geometric features can be designed to
meet various application requirements.

The cross-sectional images of the fabricated PMMA /PS fibres of each drawing step
are shown in Figure 4. Figure 4a,b show the cross-sectional images with different scales
of the PMMA /PS fibres which are closely stacked after the first drawing. It can be seen
that the diameter distribution of the 1st-draw PMMA /PS fibres exhibits uniform, and
the self-arrangement presents a regular hexagon after close stacking. The cross-sectional
structure of the 2nd-draw fibres is shown in Figure 4c. It shows a high-precision hexagonal
packing of the bright PS cores inside the dark PMMA matrix. Both the diameter and
spacing of the PS cores are uniform. A total of seven 2nd-draw fibers are stacked into
hexagonal array to conduct the third step with thermal drawing. Figure 4d shows the SEM
photo of the cross-section of the 3rd-draw fibers after the PS is removed by dissolution.
The SEM results indicate that the diameter of PS cores is reduced to less than 1 um after
the third thermal drawing, and further the interface between the PS cores and PMMA
matrix is clear. It is also found that complete morphology and regular array structure are
still maintained. Obviously, more 2nd-draw fibers or 3rd-draw fibers can be stacked for
next drawing step, resulting in a significant increase in array points. Moreover, to meet
the real applications, other special patterned array structures can be also designed via the
same method.

In the experiment, the PMMA porous array template can be used to fabricate Cu
nanowires through the processes of electrode plating, electrochemical deposition, and
template removal. As shown in Figure 5a, the Cu nanowires have a columnar structure
(about 800 nm in diameter and more than 10 um in length). The diameter and length of
the resulting Cu nanowires are consistent with the structure size of the PMMA template
prepared by the three-step drawing. The agglomeration at the top of the nanowires can
be observed due to the high aspect ratio and agglomeration effect of nanowires. The EDX
spectrum detected on the nanowires also confirms that the nanowires are mainly composed
of copper (Figure 5b).
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Figure 4. Cross-sectional images of PMMA /PS fibers of each drawing step: (a) bundling and stacking
of 1st-draw PMMA /PS fibers, (b) enlarged image of 1st-draw PMMA /PS fibers, (c) 2nd-draw fibers,
(d) SEM image of 3rd-draw fibers after the PS is removed, the inset is enlarged image of pores.

Cu

2
=
=
=]
<
z
1z
=
S
=
C Cu
Ji KR
1 1 1
0 5 10 15
Energy (keV)

Figure 5. (a) Scanning electron microscopic images and (b) energy dispersive X-ray spectrum of the
fabricated Cu nanowires.

During the preparation of PMMA ultra-long micro/nanowires using PS (shell)/PMMA
(core) material system, the morphology of the fibres after the first drawing step is depicted
in Figure 6. Figure 6a is an optical microscope image of the cross-sectional of the 1st-draw
PS/PMMA fibers after close stacking. A corresponding local enlarged view is shown
in Figure 6b. It can be seen that, the obtained 1st-draw PS/PMMA fibers had uniform
diameter distribution and regular arrangement.
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Figure 6. Cross-sectional images of the 1st-draw PS/PMMA fibers: (a) bundling and stacking of PS/PMMA fibers,
(b) enlarged image of PS/PMMA fibers.

The cross-sectional morphology of PS/PMMA fibers obtained by a two-step thermal
drawing reduction is shown in Figure 7a. The results indicate that the dark PMMA cores
array features a regular hexagonal distribution with uniform diameter and spacing in the
bright PS matrix. By dissolving the 2nd-draw PS/PMMA fibers to remove the outer shell of
PS, columnar long PMMA microwires with uniform diameter can be obtained, as depicted
in Figure 7b.

Figure 7. (a) Cross-sectional image of the 2nd-draw PS/PMMA fiber, (b) PMMA microwires with the diameter of about
19 um after dissolving outer PS of the 2nd-draw PS/PMMA fiber.

In Figure 8a, we show a perfect ordered arrays of arrays of PMMA microwires
(~4000 wires of 1.6 um) in the cross-section of the PS/PMMA composite fiber obtained after
three-step thermal drawing and diameter reduction. The ultra-long PMMA microwires can
be extracted from the PS matrix retaining their global alignment (Figure 8b). Remarkably,
the microstructure is undistorted after the drawing steps and the surface of PMMA mi-
crowires (Figure 8c) is smooth with complete orientation structure. Moreover, the geometric
size distribution of the obtained PMMA microwires is also uniform.

Generally, to further reduce the size of the wires, an additional drawing step is always
required. After the 4th-draw of PS/PMMA fibers, the long PMMA nanowires with a
diameter of approximately 100 nm are depicted in Figure 9. Although the control over
the nanoscale structure appears difficult, the wires can be regularly scaled down, and
their structural integrity is also maintained. For thermoplastic polymer material systems,
the limitation of ultimate size reduction mainly depends on the drawing dynamics and
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viscoelastic properties of the materials. Yaman et al. demonstrated that amorphous glasses
and polymers that soften during drawing can be easily reduced to a radial size of 10 nm
without axial breakdown. In addition, they inferred that with careful tuning and control of
the feed-in and draw speeds, the drawing process can yield molecular wires. However, the
ultimate size reduction limit is still an enticing question [32]. Melt co-drawing of aligned
ultra-long polymer, low melting point metal, or alloy nanowires is an interesting alternative
to existing chemical or other methods for producing nanowires.

n \-~\\'.~,‘:f' e
N’:&\\\@\\\%\ N g

Figure 8. (a) Cross-sectional image of the 3rd-draw PS/PMMA fiber, (b) SEM image of PMMA microwires with the diameter
of about 1.6 um after dissolving outer PS of the 3rd-draw PS/PMMA fiber, (c) enlarged SEM image of PMMA microwires.

Figure 9. SEM image of PMMA nanowires with diameter of about 100 nm after dissolving the outer
PS of 4th-draw PS/PMMA fiber.

4. Conclusions

The polymer composite fibers embedding ultra-long micro/nanowires are fabricated
in this study using iterative melt co-drawing and bundling technique. PMMA porous array
templates can be obtained with section-cutting of the PMMA /PS (shell/core) fiber and
dissolution of inner PS. The optical microscopy and SEM pictures show that the PS cores or
pores exhibit a regular hexagonal array distribution inside the PMMA matrix, indicating
a uniform diameter and spacing. Based on the PMMA porous array template, the Cu
nanowires are successfully prepared via electrochemical deposition. Instead, when the PS
and PMMA are selected as the shell and core materials, a similar preparation process can
be used to obtain PMMA ultra-long micro/nanowires. It is also found that, the surface of
the PMMA micro/nanowires is smooth with complete orientation structure. Owing to the
simple approach and its good controllability, various micro/nanowires can be designed
and fabricated to meet the real application requirements.

Author Contributions: Conceptualization, B.Y., 5.C., WW. and B.L.; Formal analysis, B.Y., D.P. and
L.S.; Funding acquisition, S.C. and B.L.; Investigation, B.Y. and D.P.; Writing—original draft, B.Y.;
Writing—review and editing, B.Y,, D.P. and L.S. All authors have read and agreed to the published
version of the manuscript.



Nanomaterials 2021, 11, 939 11 of 12

Funding: This research was funded by the Foundation of Science and Technology on Plasma Physics
Laboratory of China Academy of Engineering Physics and the National Natural Science Foundation
of China (NSFC) (Grant numbers 61705204, 61705206, 61805221).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Deng,J.;Su, Y.D,; Liu, D.; Yang, PD.; Liu, B.; Liu, C. Nanowire photoelectrochemistry. Chem. Rev. 2019, 119, 9221-9259. [CrossRef]

2. Meng, ].P; Li, Z. Schottky-contacted nanowire sensors. Adv. Mater. 2020, 32, 2000130. [CrossRef] [PubMed]

3. Amri, C,; Ouertani, R.; Hamdi, A.; Chtourou, R.; Ezzaouia, H. Effect of porous layer engineered with acid vapour etching on
optical properties of solid silicon nanowire arrays. Mater. Des. 2016, 111, 394—404. [CrossRef]

4. Akbari-Saatlu, M.; Procek, M.; Mattsson, C.; Thungstrom, G.; Nilsson, H.-E.; Xiong, W.J.; Xu, B.Q.; Li, Y.; Radamson, H.H. Silicon
nanowires for gas sensing: A review. Nanomaterials 2020, 10, 2215. [CrossRef] [PubMed]

5. Yang, B,; Niu, G,; Liu, X.D,; Yang, Y.; He, W.; Zhu, Y.; Yu, B.; Zhou, X.W.; Wu, W.D. Preparation of size controllable porous
polymethylmethacrylate template and Cu micro/nanowire arrays. RSC Adv. 2016, 6, 88656-88663. [CrossRef]

6. Yang, B.; Sun, L.X.,; Wei, W.; Niu, G.; Chen, S.F; Wu, W.D.; Li, B. Fabrication and characterisation of geometry controlled Cu
microwires in porous poly(methyl methacrylate) templates using melt co-drawing and electrochemical deposition techniques.
Mater. Des. 2020, 188, 108453. [CrossRef]

7. Bayindir, M.; Abouraddy, A.F,; Arnold, J.; Joannopoulos, J.D.; Fink, Y. Thermal-sensing fibre devices by multimaterial codrawing.
Adv. Mater. 2006, 18, 845-849. [CrossRef]

8.  McAlpine, M.C.; Ahmad, H.; Wang, D.W.; Heath, ].R. Highly ordered nanowire arrays on plastic substrates for ultra sensitive
flexible chemical sensors. Nat. Mater. 2007, 6, 379-384. [CrossRef]

9. Deng, D.S,; Orf, N.D.; Danto, S.; Abouraddy, A.E.; Joannopoulos, J.D.; Fink, Y. Processing and properties of centimeter-long,
in-fibre, crystalline-selenium filaments. Appl. Phys. Lett. 2010, 96, 023102. [CrossRef]

10. Takahata, R.; Tsukuda, T. Ultrathin gold nanowires and nanorods. Chem. Lett. 2019, 48, 906-915. [CrossRef]

11.  Chen, W.H.; Roca i Cabarrocas, P. Rational design of nanowire solar cells: From single nanowire to nanowire arrays. Nanotechnology
2019, 30, 194002. [CrossRef] [PubMed]

12.  Zhao, YJ.; Qiu, Y.C,; Gao, HE; Feng, ].G.; Chen, G.S,; Jiang, L.; Wu, Y.C. Layered perovskite nanowires with long range
orientational order for ultrasensitive photodetectors. Adv. Mater. 2020, 32, 1905298. [CrossRef] [PubMed]

13.  Hao, Q.; Huang, H.; Fan, X.C.; Hou, X.Y,; Yin, Y,; Li, W,; Si, L.E; Nan, H.Y.; Wang, H.Y.; Mei, Y.F; et al. Facile design of ultra-thin anodic
aluminium oxide membranes for the fabrication of plasmonic nanoarrays. Nanotechnology 2017, 28, 105301. [CrossRef] [PubMed]

14. Chung, CK; Li, C.H.; Hsieh, Y.Y.; Wang, Z.W. Microstructure and photoluminescence of sputtered silicon-rich-nitride on anodic
aluminum oxide annealed at low temperature. J. Alloys Compd. 2017, 709, 658-662. [CrossRef]

15.  Kapoor, S.; Ahmad, H.; Julien, C.M.; Islam, S.S. Synthesis of highly reproducible CdTe nanotubes on anodized alumina template
and confinement study by photoluminescence and Raman spectroscopy. J. Alloys Compd. 2019, 809, 151765. [CrossRef]

16. Schiavi, P.G.; Altimari, P.; Zanoni, R.; Pagnanelli, F. Full recycling of spent lithium ion batteries with production of core-shell
nanowires/ /exfoliated graphite asymmetric supercapacitor. J. Energy Chem. 2021, 58, 336-344. [CrossRef]

17.  Schiavi, P.G.; Altimari, P.; Marzolo, F; Rubino, A.; Zanoni, R.; Pagnanelli, F. Optimizing the structure of NieNi(OH), /NiO
core-shell nanowire electrodes for application in pseudocapacitors: The influence of metallic core, Ni(OH), /NiO ratio and
nanowire length. J. Alloys Compd. 2021, 856, 157718. [CrossRef]

18.  Proenca, M.P; Sousa, C.T.; Leitao, D.C.; Ventura, J.; Sousa, ].B.; Araujo, J.P. Nanopore formation and growth in phosphoric acid Al
anodization. J. Non Crys. Sol. 2008, 354, 5238-5240. [CrossRef]

19. Wassel, E.; Es-Souni, M.; Laghrissi, A.; Roth, A.; Dietze, M.; Es-Souni, M. Scratch resistant non-fouling surfaces via grafting
non-fouling polymers on the pore walls of supported porous oxide structures. Mater. Des. 2019, 163, 107542. [CrossRef]

20. Nishikawa, T.; Nakano, H.; Oguri, K.; Uesugi, N.; Nishio, K.; Masuda, H. Nanohole-array size dependence of soft x-ray generation
enhancement from femtosecond-laser-produced plasma. J. Appl. Phys. 2004, 96, 7537-7543. [CrossRef]

21. Masuda, H.; Yotsuya, M.; Asano, M.; Nishio, K.; Nakao, M.; Yokoo, A.; Tamamura, T. Self-repair of ordered pattern of nanometer
dimensions based on self-compensation properties of anodic porous alumina. Appl. Phys. Lett. 2001, 78, 826-828. [CrossRef]

22. Déring, S.; Richter, S.; Nolte, S.; Tiinnermann, A. In situ imaging of hole shape evolution in ultrashort pulse laser drilling. Opt.
Express 2010, 18, 20395-20400. [CrossRef] [PubMed]

23. Meng, L.N,; Wang, A.-H.; Wu, Y.; Wang, X.; Xia, H.B.; Wang, Y.N. Blind micro-hole array Ti6Al4V templates for carrying
biomaterials fabricated by fibre laser drilling. J. Mater. Process. Technol. 2015, 222, 335-343. [CrossRef]

24. Zhang, Y,; Li, S.C; Chen, G.Y.; Mazumder, J. Experimental observation and simulation of keyhole dynamics during laser drilling.

Opt. Laser Technol. 2013, 48, 405-414. [CrossRef]


http://doi.org/10.1021/acs.chemrev.9b00232
http://doi.org/10.1002/adma.202000130
http://www.ncbi.nlm.nih.gov/pubmed/32484268
http://doi.org/10.1016/j.matdes.2016.08.082
http://doi.org/10.3390/nano10112215
http://www.ncbi.nlm.nih.gov/pubmed/33172221
http://doi.org/10.1039/C6RA15837D
http://doi.org/10.1016/j.matdes.2019.108453
http://doi.org/10.1002/adma.200502106
http://doi.org/10.1038/nmat1891
http://doi.org/10.1063/1.3275751
http://doi.org/10.1246/cl.190313
http://doi.org/10.1088/1361-6528/aaff8d
http://www.ncbi.nlm.nih.gov/pubmed/30654343
http://doi.org/10.1002/adma.201905298
http://www.ncbi.nlm.nih.gov/pubmed/31967709
http://doi.org/10.1088/1361-6528/aa596d
http://www.ncbi.nlm.nih.gov/pubmed/28139464
http://doi.org/10.1016/j.jallcom.2017.03.183
http://doi.org/10.1016/j.jallcom.2019.151765
http://doi.org/10.1016/j.jechem.2020.10.025
http://doi.org/10.1016/j.jallcom.2020.157718
http://doi.org/10.1016/j.jnoncrysol.2008.04.055
http://doi.org/10.1016/j.matdes.2018.107542
http://doi.org/10.1063/1.1814176
http://doi.org/10.1063/1.1344575
http://doi.org/10.1364/OE.18.020395
http://www.ncbi.nlm.nih.gov/pubmed/20940931
http://doi.org/10.1016/j.jmatprotec.2015.03.016
http://doi.org/10.1016/j.optlastec.2012.10.039

Nanomaterials 2021, 11, 939 12 of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Seet, H.L.; Li, X.P; Hong, M.H.; Lee, K.S.; The, K.H.; Teo, H.H. Electrodeposition of Ni-Fe micro-pillars using laser drilled
templates. J. Mater. Process. Technol. 2007, 192, 346-349. [CrossRef]

Prakash, O.; Mhatre, A.M.; Tripathi, R.; Pandey, A.K.; Yadav, PK.; Khan, S.A.; Maiti, P. Fabrication of conducting nanochannels
using accelerator for fuel cell membrane and removal of radionuclides: Role of nanoparticles. ACS Appl. Mater. Interfaces 2020, 12,
17628-17640. [CrossRef]

Chang, S.W.; Chuang, V.P; Boles, S.T.; Thompson, C.V. Densely packed arrays of ultra-high-aspect-ratio silicon nanowires
fabricated using block-copolymer lithography and metal-assisted etching. Adv. Funct. Mater. 2009, 19, 2495-2500. [CrossRef]
Zhang, X.L.; Fan, W.; Li, H.; Zhao, S.Y.; Wang, ].N.; Wang, B.; Li, C.]. Extending cycling life of lithium—oxygen batteries based on
novel catalytic nanofibre membrane and controllable screen-printed method. J. Mater. Chem. A 2018, 6, 21458. [CrossRef]
Beregoi, M.; Preda, N.; Costas, A.; Enculescu, M.; Negrea, R.F.; Iovu, H.; Enculescu, I. Synthesis of core-double shell nylon-
ZnO/polypyrrole electrospun nanofibers. Nanomaterials 2020, 10, 2241. [CrossRef]

Suryavanshi, A.P.; Hu, J.; Yu, M.E. Meniscus-controlled continuous fabrication of arrays and rolls of extremely long micro- and
nano-fibres. Adv. Mater. 2008, 20, 793-796. [CrossRef]

Park, W.I; Zheng, G.F,; Jiang, X.C.; Tian, B.Z.; Charles, M.L. Controlled synthesis of millimeter-long silicon nanowires with
uniform electronic properties. Nano Lett. 2008, 8, 3004-3009. [CrossRef] [PubMed]

Yaman, M.; Khudiyev, T.; Ozgur, E.; Kanik, M.; Aktas, O.; Ozgur, E.O.; Deniz, H.; Korkut, E.; Bayindir, M. Arrays of indefinitely
long uniform nanowires and nanotubes. Nat. Mater. 2011, 10, 494-501. [CrossRef]

Abouraddy, A.F; Bayindir, M.; Benoit, G.; Hart, S.D.; Kuriki, K.; Orf, N.; Shapira, O.; Sorin, F.; Temelkuran, B.; Fink, Y. Towards
multimaterial multifunctional fibres that see, hear, sense and communicate. Nat. Mater. 2007, 6, 336-347. [CrossRef] [PubMed]
Yang, B.; Niu, G.; Zhou, X.W,; Liu, X.D.; He, W.; Yu, B.; Zhu, Y.; Wu, W.D. Mass-productions of porous polyethylene template
with controlled array structure. Polym. Eng. Sci. 2015, 55, 1211-1218. [CrossRef]


http://doi.org/10.1016/j.jmatprotec.2007.04.051
http://doi.org/10.1021/acsami.0c02845
http://doi.org/10.1002/adfm.200900181
http://doi.org/10.1039/C8TA07884J
http://doi.org/10.3390/nano10112241
http://doi.org/10.1002/adma.200701849
http://doi.org/10.1021/nl802063q
http://www.ncbi.nlm.nih.gov/pubmed/18710294
http://doi.org/10.1038/nmat3038
http://doi.org/10.1038/nmat1889
http://www.ncbi.nlm.nih.gov/pubmed/17471274
http://doi.org/10.1002/pen.23997

	Introduction 
	Materials and Methods 
	Materials 
	Sample Preparation 
	Characterisation 

	Results and Discussion 
	Conclusions 
	References

