.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

An efficient polymer for producing electrospun
transparent conducting films through simple
procedures and a mild post-processT

i '.) Check for updates ‘

Cite this: RSC Adv., 2017, 7, 46621

Hui Chen,?® Shanyong Chen, &2 *° Youwei Guan,® Hengging Yan,? Rong Jin,”
Huai Zhang,? De Li,? Jian Zhong*? and Lu Li*°

As a particular method for the preparation of metal-nanowire-based transparent conducting films (TCFs),
electrospinning has some advantages that common methods don't possess, such as a low requirement
for the match of substrate, no coffee rings and the ability of preparing films on curved or rugged
substrates. However, at present, complex preparation procedures or high temperature treatment are
usually needed to prevent electrospinning polymers from affecting the performance of TCFs. To solve
this problem, polymers that are suitable for direct electrospinning with metal nanowires and can be
easily eliminated under mild conditions are desirable. However, this type of polymer has been rarely
reported. In this study, silver nanowires (AgNWs) were selected as the representative of metal nanowires
and different polymers were tried to discover the most suitable material. The results of the experiments
indicated that polyethylene oxide (PEO) (M,, = 50 000) was the most suitable polymer. The chain length
of this polymer was enough to effectively wrap the AgNWs to obtain good electrospinning films and it
could be easily eliminated under mild conditions because of its low melting point and excellent
solubility. Then, we determined the most suitable electrospinning solution, which consists of AgNWs
(0.3%), PEO (2.5%), AMP (0.2%) and DI water (97%). From this solution, uniform electrospinning films were
prepared. Subsequently, this film was heated at 70 °C for 15 s to fasten the AgNWs onto the substrate
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Introduction

Due to the wide application in transparent conducting films
(TCFs), metal nanowires have gained a lot of attention over the
last decade.® At present, researchers usually prepare metal-
nanowire-based TCFs through the following methods: spin
coating,” roller coating® and roll-to-roll printing,* which are
suitable for the preparation of small-scale films, full-scale films
and industrial production, respectively. These methods are
simple and can produce excellent TCFs. However, these
common methods have some intrinsic drawbacks. First,
researchers should spend a great deal of time to adjust the
kinetic properties of the metal nanowire inks, which is chal-
lenging. To prepare uniform films, metal nanowire inks must
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and then soaked in ethanol (70 °C) for 10 s to eliminate PEO, in sequence. Finally, a good TCF was
obtained. The sheet resistance and transmittance of this film were 94 Q sq~* and 83.4%, respectively.

simultaneously have good matching with the substrates,
machines and processing technologies. Generally, for one
specific substrate and machine, only one specific ink has the
best match. If the substrate or machine has some changes, the
ink must be adjusted again. The adjustment process needs a lot
of experiments and a great deal of time. In earnest, adjustment
of the kinetic properties of inks is the core secret of ink
companies and there are almost no reports available to teach
the same to researchers. Therefore, it is difficult for researchers
to obtain inks with the most suitable kinetic properties and this
will greatly affect the uniformity of the films. Second, these
three methods are not suitable for some types of metal nano-
wires. For copper nanowires (CuNWs) and gold nanowires
(AuNW), researchers are unable to prepare qualified inks from
them at present. However, metal nanowire inks are necessary
materials to prepare TCFs through these three methods.
Therefore, it is difficult to prepare uniform large-scale CuNw/
AuNW-based TCFs through these three methods at present.’
Third, through these three methods, researchers can prepare
TCFs on flat substrates, but could not prepare TCFs on curved
or rugged substrates, which also have many applications.

To improve the abovementioned problems, electrospinning
is introduced because of its fascinating characteristics.® First,
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for different substrates, the electrospinning solutions can be
the same, which avoids the painful adjustment process of inks.
Second, coffee rings or punctate films often exist during the
preparation process of TCFs using inks.” In contrast, during the
electrospinning process, the fibers are dry when they fall on the
substrate. Therefore, coffee rings and punctate films do not
exist and uniform TCFs can be obtained easily through elec-
trospinning. Third, electrospinning polymers could stabilize
the CuNWs or AuNWs for their effective dispersion. Hence,
large-scale CuNW/AuNW-based TCFs could be obtained
through this method. Fourth, by using multi-needles and
adjusting the position of each needle, researchers can prepare
uniform TCFs on curving or rugged substrates through elec-
trospinning. Because of these advantages, several researchers
have chosen electrospinning to prepare TCFs.? On the whole,
the present preparation procedures that researchers utilize can
be divided into three types: (1) polymer fibers are prepared by
electrospinning and then, the metals are deposited onto the
surface of the fibers via electroplating,® sputtering®" or
chemical deposition;™ (2) polymer fibers, which contain metal
precursors are prepared by electrospinning and then, the
polymers are eliminated and the metal precursors decompose
into metal nanomaterials under high temperature®™* or UV
light;*® (3) the metals are deposited onto the substrate and then
the polymer fibers are prepared by electrospinning on the
surface of the metal layer; subsequently, the metal areas that are
not covered by the fibers are etched and finally the fibers are
eliminated by heat or solvent to obtain the TCFs."”*® Using the
abovementioned procedures, many excellent TCFs have been
prepared.”

However, electrospinning is just one step in these proce-
dures and two or more additional steps are usually required,
which reveals the complexity of these procedures. Why do
researchers utilize complex procedures and why don't they
prepare TCFs using electrospinning directly? This question
involves the principle of electrospinning. Electrospinning needs
polymers to form fibers. Therefore, polymers are essential
materials for electrospinning. At present, polyacrylonitrile
(PAN),*® poly(vinyl alcohol) (PVA),>*** polyvinylpyrrolidone
(PVP),>*?* poly(acrylic acid) (PAA)® and polystyrene (PS)** are the
most commonly used polymers used in electrospinning. These
materials can form outstanding fibers but are difficult to be
eliminated under mild conditions. If metal nanowires and these
polymers mix together to prepare electrospun films, the exis-
tence of polymers will make the films non-conductive. To avoid
the influence of the polymers, researchers have to use complex
procedures or eliminate the polymers under extreme condi-
tions." To prepare electrospun TCFs through simple proce-
dures and a mild post-process, polymers which can be easily
eliminated under mild conditions are necessary. However, such
types of polymers have been rarely reported.

To solve this problem, in this study, silver nanowires (AgNWs)
were chosen as a representative of metal nanowires. Different
types of polymers and polymers with different molecular weights
were investigated to find out the most suitable polymer for direct
electrospinning with AgNWs. Then, the most appropriate
concentrations of stabilizer, polymer and AgNWs in the
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Scheme 1 The preparation procedure of the electrospun TCFs based
on PEO (M,, = 50 000).

electrospinning solution were determined. Finally, the TCF
prepared from this solution was studied (Scheme 1).

Results and discussion
Preparation of the AgNWs

AgNWs were prepared according to a method reported in liter-
ature.?® The results of X-ray diffraction (XRD, Fig. S1, ESIt) and
energy dispersive spectroscopy (EDS) analyses (Fig. S2, ESIf})
demonstrated that pure AgNWs were obtained. The SEM image
of the AgNWs exhibited their diameters ranging from 35 to
55 nm and their length ranging from 5.2 to 26.3 pm (Fig. 1).

Determination of the suitable polymer

As discussed above, to simplify present preparation procedures
through electrospinning, we should first determine a suitable
polymer. To realize this purpose, different polymers were
introduced. For comparison, the concentrations of the poly-
mers (2.0%), AMP (0.2%), AgNW (0.2%) and DI water (97.6%) in
the electrospinning solutions were fixed.

At present, polyvinylpyrrolidone (PVP) and poly(vinyl
alcohol) (PVA) are the most commonly used polymers in elec-
trospinning. Therefore, PVP (M,, = 55 000, 360 000, 1 300 000)

Fig.1 The SEM image of the AQNWs used in our experiments.

This journal is © The Royal Society of Chemistry 2017
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and PVA were initially introduced. After electrospinning,
uniform films were obtained, which indicated that PVP and PVA
were highly suitable for electrospinning. However, PVP and PVA
were not suitable for direct electrospinning with AgNWs
because it was difficult to eliminate them under mild condi-
tions. After the films were immersed in water (70°), PVP or PVA
dissolved slowly. With the dissolution of polymers, the AgNWs
also gradually dispersed in water. When the polymers dissolved
in water completely, there were almost no AgNWs on the surface
of the glass slide.

To improve this situation, polyvinyl acetate (PVAc) was
introduced because of its lower melting point than those of PVP
and PVA. After electrospinning, the film was placed on a hot
stage (110 °C). Consequently, PVAc melted and the inner
AgNWs were exposed. Part of the AgNWs could be fastened by
the glass slide. In comparison, PVP and PVA did not melt and
the AgNWs were still wrapped by the polymers. Although PVAc
brought about some improvement, with the dissolution of PVAc
in ethanol (70 °C), most of the AgNWs also dispersed in ethanol
and the final film was non-conducting.

From the abovementioned experiments, we discovered that
the polymers suitable for direct electrospinning with AgNWs
should have low melting points and excellent solubilities in the
solvent used simultaneously. If the polymer has a low melting
point but poor solubility, the solvent needs a lot of time to
dissolve the polymer. The glass slide can fasten the AgNWs in
a short time, but is unable to hold them for a long time during
the polymer dissolution. Consequently, the AgNWs fastened by
the glass will gradually fall off and disperse in the solvent. The
increase in duration for polymer dissolution will lead to large
amount of AgNWs dispersion in the solvent; eventually, the
residual AgNWs on the glass slide will be insufficient for the
formation of a conductive network and the final TCF will be
non-conductive. If the polymer has excellent solubility and
a high melting point, high temperature is required for melting
the polymer. It is well known that if an AgNW-based TCF is
treated at high temperature, its lifetime will be short. Such films
are not suitable for practical applications. Hence, PEO was
introduced because it met these two requirements. The melting
point of PEO is about 65 °C and it could dissolve easily in water
or alcohol solvent. Except for this type of polymer, the molecular
weight of PEO should also be considered because of the
following two reasons. First, to obtain uniform films, the
AgNWs need PEO with enough chain length to wrap it. Second,
as a type of flocculant, the molecular weight of PEO will affect
the stability of the electrospinning solution, which has
a compact relationship with the uniformity of the final elec-
trospun films. PEO is an electron-withdrawing polymer that
would absorb the surface charge of the AgNWs. The decrease in
the surface charge would weaken the repulsive force between
the AgNWs, resulting in flocculation. With an increase in the
molecular weight of PEO, the electron-withdrawing abilities of
PEO were enhanced and the flocculation phenomenon of the
electrospinning solution was more evident.

To investigate the abovementioned influences, PEO with
different molecular weights (M,, = 8000, 20 000, 30 000, 50 000,
100 000, 300 000, 500 000 and 1 000 000) were used. The results
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of the experiments indicated that PEO with higher molecular
weights (=100 000) enabled the flocculation of AgNWs in the
electrospinning solution and brought about very poor unifor-
mity for the final electrospinning films. When PEO with a low
molecular weight (=30 000) was used, no flocculation occurred.
However, this type of PEO could not effectively wrap the AgNWs
and punctate films were obtained after electrospinning. Finally,
PEO (M,, = 50 000) was used because no evident flocculation
was observed in the electrospinning solution on the addition of
this polymer and the chain length of this polymer was enough
to effectively wrap the AgNWs. In addition, uniform electro-
spinning films were obtained using this polymer. Furthermore,
we investigated the relationship between the flocculation
phenomenon and the concentration of PEO with different
molecular weights (M,, = 20 000, 30 000, 50 000 and 100 000).
The results of the experiments indicated that the molecular
weight of PEO played a key role in the flocculation of the elec-
trospinning solutions and the concentrations of PEO had little
influence. Therefore, PEO (M,, = 50 000) was suitable for the
direct electrospinning with the AgNWs.

Although PEO (M,, = 50 000) didn't bring about evident
flocculation, it still absorbed some surface charge of the
AgNWs. Before the addition of PEO (M,, = 50 000), the zeta
potential of the AgNWs was —43.48 mV. After the addition of
PEO (M,, = 50 000), the zeta potential decreased to —0.83 mV.
To improve the dispersion uniformity of the AgNWs in the
electrospinning solution and then increase the uniformity of
the films, the surface charge of the AgNWs should be enhanced.
Two methods are usually used to realize this purpose: intro-
duction of steric effect and formation of electric double layer
(EDL). For the steric effect, the polymers are adsorbed onto the
surface of the AgNWs to form protective layers that can prevent
the aggregation of the AgNWs. However, these polymers usually
do not dissolve in the solvent quickly. This is highly unfavorable
for the post-process of electrospun films. When compared with
the steric effect, EDL mechanism depends on the electrostatic
repulsion to stabilize AgNWs and the zeta potential represents
the magnitude of the repulsive forces. The definition of the zeta
potential is described in Fig. S3 and Page S3.1 A higher zeta
potential leads to higher repulsive forces that can bring about
the higher dispersion stability of the AgNWs.

Many types of factors can affect the zeta potential. Among
these factors, the pH is the most important factor for the zeta
potential because a small variation in the pH may bring about
a drastic change in the surface charge of the AgNWs. Therefore,
factors that could modify the pH of the electrospinning solution
could also be utilized to stabilize the AgNWs. According to our
previous study,” 2-amino-2-methyl-1-propanol (AMP) was used an
efficient pH modifier (alkalinity). Hence, in this study, AMP was
chosen to adjust the surface charge of the AgNWs. With an
increase in the amount of AMP, the pH and conductivity of the
electrospinning solution increased. This had been verified by our
previous study.”” The increase in pH could make the surface of the
AgNWs have a more negative charge, which would bring about
a higher zeta potential. In contrast, the increase in conductivity
could compress the electric double layer, which would decrease
the zeta potential. The final zeta potential was determined by the

RSC Adv., 2017, 7, 46621-46628 | 46623
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Fig. 2 The zeta potentials of the electrospinning solutions with
different concentrations (0.0, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5 and 0.6%)
of AMP.

competition of these two factors and the highest zeta potential
often existed at the balance point of these two factors.

To determine this balance point, different concentrations (0.0,
0.1, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50 and 0.60%) of AMP were used
to study its influence on the surface charge of the AgNWs while
the concentrations of the AgNWs (0.01%) and PEO (2%) were
fixed (Fig. 2). From 0% to 0.2% of AMP, the zeta potential of the
AgNWs increased from —0.83 to —2.86 mV, which indicated that
the surface charge of the AgNWs was enhanced. From 0.2% to
0.6%, the zeta potential decreased from —2.86 to —1.54 mV. The
highest zeta potential (—2.86 mV) was achieved at a concentra-
tion of 0.2%. Therefore, AMP at a concentration of 0.2% was used
to stabilize the AgNWs in the electrospinning solution.

Determination of the concentration of PEO

From the abovementioned experiments, PEO (M,, = 50 000) was
determined to be the most suitable polymer. Following this, we
studied the preparation of good TCFs through electrospinning.

30

500 600 700 800

Wavelength (nm)

400

Fig. 4 The transmission spectra of the TCFs prepared from the
electrospinning solutions with different concentrations (1.0, 1.5, 2.0,
2.5 and 3.0%) of PEO.

The concentration of PEO in the electrospinning solution had
a great influence on the performance of the final TCFs. A low
concentration of PEO did not provide enough molecules to wrap
all the AgNWs, which would lower the distribution uniformity of
the AgNWs in the electrospinning films. Although a high
concentration of PEO could effectively wrap all the AgNWs to
obtain uniform electrospinning films, excessive concentration
of the polymer was adverse for the performance of the final
films. Therefore, to obtain good TCFs, we should first determine
the optimum concentration of PEO.

For this purpose, electrospinning solutions with different
concentrations (1.0, 1.5, 2.0, 2.5 and 3.0%) of PEO, but the same
concentrations of AgNWs (0.2%) and AMP (0.2%) were prepared.
Then, the TCFs were fabricated from these solutions. The sheet
resistances and transmittances of the TCFs were measured. The
relationship between the concentration of PEO and the perfor-
mance of the TCFs is shown in Fig. 3, 4 and Table 1. As the
concentration of PEO was altered from 1% to 2.5%, the sheet
resistances of the films gradually decreased from 360 Q sq ™" to
180 Q sq ', while the transmittances of the films gradually
increased from 80.3% to 86.0%. In contrast, as the concentration
of PEO altered from 2.5% to 3%, the sheet resistances of the films
increased from 180 Q sq ' to 250 Q sq ', while the trans-
mittances of the films decreased from 86.0% to 78.5%. Clearly,

Table 1 Comparison of the electrical and optical properties (at 550
nm) of the films prepared from the electrospinning solutions with
different concentrations (1.0, 1.5, 2.0, 2.5 and 3.0%) of PEO

400 90
—n— Sheet Resistance (Q/sq)

3604 - —u— Transmittance (%) 88
g

320 " -86 —
S _— 3
@ =1
S 280- / -84 2
8 =
@ 2404 82 &
2 - 2
¥ 2004 . \_\ 80 @
F =
£ 160 - 78~
[72]

120 — T T 76

0.5 1.0 1.5 2.0 2.5 3.0 3.5

Concentrations of PEO (%)

Fig. 3 Comparison of the electrical and optical properties (at 550 nm)
of the films prepared from the electrospinning solutions with different
concentrations (1.0, 1.5, 2.0, 2.5 and 3.0%) of PEO.

46624 | RSC Adv., 2017, 7, 46621-46628

Concentrations Sheet resistance Transmittance
of PEO (%) (@sq™) (%)
1.0 360 80.3
1.5 220 82.6
2.0 200 85.0
2.5 180 86.0
3.0 250 78.5

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The transmission spectra of the TCFs prepared from the
electrospinning solutions with different concentrations (0.1, 0.2, 0.3,
0.4, 0.5 and 0.6%) of the AgNWs.

for PEO at a concentration of 2.5%, the best TCF was obtained.
Therefore, PEO at the concentration of 2.5% was utilized for
direct electrospinning with the AgNWs.

Determination of the concentration of the AgNWs

Based on the abovementioned experiments, we determined the
best concentration of PEO in the electrospinning solution.
However, the sheet resistance of the best TCF was 180 Q sq*,
which didn't meet the requirements of practical applications.
Therefore, we adjusted the concentration of the AgNWs to
obtain qualified conductivity for the final film.

To realize the abovementioned goal, we first prepared elec-
trospinning solutions with different concentrations of the
AgNWs (0.1, 0.2, 0.3, 0.4, 0.5 and 0.6%), but with the same
concentrations of PEO (2.5%) and AMP (0.2%). Then, the TCFs
were fabricated from these solutions. The sheet resistances and
transmittances of the TCFs were measured. The relationship
between the concentration of the AgNWs and the performance
of the TCFs is shown in Fig. 5, 6 and Table 2. With an increase in

90 200

—=— Transmittance (%) 180
" —=— Sheet Resistance Q /sq)[ o
84 ° -160 =
% 140 %
g 80 F120 &
£ @
g 100 g
80 o
& 754 =
= [60 2
2

L 40

70 T

0.2 0.3 0.4 0.5 0.6
Concentration of AQNWs (%)

Fig. 6 The sheet resistances and transmittances (at 550 nm) of the
TCFs prepared from the electrospinning solutions with different
concentrations (0.2, 0.3, 0.4, 0.5 and 0.6%) of the AgNWs.
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Table 2 Comparison of the electrical and optical properties (550 nm)
of the films prepared from the electrospinning solutions with different
concentrations (0.1, 0.2, 0.3, 0.4, 0.5 and 0.6%) of the AgNWs

Concentrations Sheet resistance Transmittance

of AgNWs (%) (Q@sq™ (%) FoM (x107%)
0.1 5 x 10° 87.7 5.38 x 10*
0.2 180 86.0 12.29

0.3 94 83.4 17.32

0.4 89 80.4 12.68

0.5 70 75.6 8.71

0.6 45 72.8 9.29

the concentration of the AgNWs, the sheet resistances and
transmittances of the TCFs decreased (Fig. 5 and 6). At AgNWs
concentrations of 0.1%, 0.2%, 0.3%, 0.4%, 0.5% and 0.6%, the
sheet resistances were 5 x 10°, 180, 94, 89, 70 and 45 Q sq *,
respectively, while the transmittances (at 550 nm) were 87.7%,
86.0%, 83.4%, 80.4%, 75.6% and 72.8%, respectively (Table 2).

Clearly, with an increase in the conductivity, the trans-
mittance decreased. To balance the sheet resistance and
transmittance, the figure of merit (FoM) is often used for eval-
uation.’®?** Generally, a higher FoOM means a better performance
of the TCF. The FoM calculation formula is defined as
follows:**-3¢

FoM = T'/R,

where T is the optical transmittance at 550 nm and Ry is the
sheet resistance. Based on this equation, the FoM values of the
films prepared from the solutions with different concentrations
(0.1, 0.2, 0.3, 0.4, 0.5 and 0.6%) of the AgNWs were calculated

—e— Transmittance (%)

j

Transmittance (%)
~
S

=3
=3

700 800

Fig.7 (a) The SEM image of the AQNWs in the final electrospun film, (b)
the transmission spectra of the final film and (c) the sheet resistance
(x4.532) of the final film.
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Fig. 8 The bulb experiment, which verified the conductivity of the
whole film.

(Table 2). Clearly, at 0.3%, the FoM value was highest. There-
fore, 0.3% was determined to be the best concentration of the
AgNWs in our electrospinning solution. At this concentration,
the sheet resistance and transmittance of the film were 94 Q
sq " and 83.4%, respectively.

Performance of the final TCF

From the abovementioned experiments, we determined a suit-
able polymer for direct electrospinning with AgNWs. Then, the
most suitable electrospinning solution was also determined
and was comprised of AgNWs (0.3%), PEO (2.5%), AMP (0.2%)
and DI H,0 (97%). Through optimization of the processing
technology, a good TCF was obtained. The AgNWs were
distributed uniformly in this TCF (Fig. 7a). The sheet resistance
and transmittance of this TCF were 94 Q sq~ " and 83.4% (at
550 nm), respectively (Fig. 7). The conductivity of the entire film
was verified using a bulb experiment (Fig. 8).

Conclusions

In summary, a polymer suitable for direct electrospinning with
AgNWs, PEO (M,, = 50 000), has been introduced in this study.
Based on this polymer, a suitable electrospinning solution was
developed and consisted of AgNWs (0.3%), PEO (2.5%), AMP
(0.2%) and DI H,0 (97%). PEO endowed this solution with good
electrospinning properties, and uniform electrospinning films
were prepared from this solution. In particular, because of its
low melting point and excellent solubility, PEO could be easily
eliminated from this electrospinning film under mild condi-
tions and a good TCF was obtained. The sheet resistance and
transmittance of the final film were 94 Q sq~ " and 83.4%,
respectively. At present, such a polymer is rarely reported. Our
study presents an efficient polymer to simplify the present
complex preparation procedures of TCFs using electrospinning
and the development of TCFs with much better performance is
ongoing in our laboratory.
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Experimental section
General information

Instruments. Scanning electron microscopy images were
obtained using a Hitachi SU8010 instrument working at an
acceleration voltage of 3 kV. EDS analysis was carried out using
a Hitachi S-4300 equipped with an EDS attachment. X-ray
diffraction patterns were obtained using a Bruker D8 Advance
diffractometer with a CuKea (A = 0.15418 nm) radiation source.
Zeta potentials were obtained using electrophoresis apparatus
(JS94K2, Powereach) at a scan voltage of 10 V. The sheet resis-
tances were obtained via a four point probe (RTS-5). Trans-
mission spectra were acquired on a UV-vis spectrometer
(Hitachi U-3900). The heating was carried out using a heating
stage (Corning PC-420D). The machine for electrospinning was
purchased from Beijing lon Beam Technology Co., Ltd.

Materials. All the reagents were commercially available and
were directly used as received. Polyvinylpyrrolidone (PVP) (M,, =
55 000, 360 000, 1 300 000), poly(vinyl alcohol) (PVA) and poly-
vinyl acetate (PVAc) were purchased from Sigma-Aldrich. Silver
nitrate, 2-amino-2-methyl-1-propanol (AMP) and sodium
bromide were obtained from Energy Chemical. Ethylene glycol
(EG), acetone and ethanol were purchased from Kelong
Chemical. PEO (M,, = 8000, 20 000, 40 000, 50 000, 100 000,
300 000, 500 000 and 1 000 000) was purchased from Ryoji
Organic Chemical. The glass slide was obtained from Sail Brand
Company.

Preparation of the AgNWs. AgNWs were synthesized via the
reduction of silver nitrate in the presence of PVP in ethylene
glycol (EG).?® First, 0.08 g of PVP (M,, = 55 000) and 0.08 g of PVP
(M,, = 360 000) were dissolved in EG (22 mL) at 140 °C. Further,
2.5 mL of FeCl; solution (600 pM in EG) and AgNO; solution
(0.180 g in 3 mL of EG) were added to the mixed solution within
1 min, in sequence. The reaction was performed at 140 °C for
50 min. Upon completion of the reaction, the mixture was
cooled to room temperature. Finally, the mixture was washed
with ethanol and centrifuged. The purification process was
repeated 3 times. A final dispersion of AgNWs in water was
obtained.

Measurement of the zeta potential. According to our
previous study,” the concentration of the AgNWs had little

Step 1 Step 2
AgNWs _ Electrospinning
+Polymer = - process
+AMP =
+Water
Step 4 ( Step 3
Soaking in — Heating
solvent

Scheme 2 The preparation procedure of the electrospun TCFs.
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influence on the zeta potential of the AgNWs and the best
method for dilution was using the same dispersion medium of
the concentrated solutions. Therefore, the solutions for
studying the influence of AMP consisted of 0.01% AgNWs + 2%
PEO (M,, = 50 000) + x% AMP (x = 0.0, 0.1, 0.15, 0.20, 0.25, 0.30,
0.40, 0.50 and 0.60%) + (97.99 — x)% H,O. Every sample was
measured five times and the average value was used as the zeta
potential of this sample.

Preparation of the electrospun TCFs. The entire procedure
carried out for the preparation of the electrospun TCFs required
three steps: the preparation of the electrospinning solution,
electrospinning process and post-treatment (Scheme 2).

The preparation of the electrospinning solution. Electro-
spinning solution consisted of polymer, AgNWs, stabilizer and
water. These four materials were mixed together to form the
electrospinning solution. In this study, AMP was selected as the
stabilizer because of its good performance in our previous
study.”” Polyvinylpyrrolidone (PVP) (M, = 50 000, 360 000,
1 300 000), poly(vinyl alcohol) (PVA), polyvinyl acetate (PVAc)
and PEO (M,, = 8000, 20 000, 40 000, 50 000, 100 000, 300 000,
500 000 and 1 000 000) were the polymers used in our experi-
ments. To determine the most suitable polymer, the electro-
spinning solutions consisted of polymer (2.0%), AMP (0.2%),
AgNWs (0.2%) and water (97.6%). To determine the most
appropriate concentrations of PEO, electrospinning solutions
with different concentrations of PEO (1.0, 1.5, 2.0, 2.5 and
3.0%), but the same concentrations of AgNWs (0.2%) and AMP
(0.2%) were prepared. To determine the most appropriate
concentrations of the AgNWs, electrospinning solutions with
different concentrations (0.1, 0.2, 0.3, 0.4, 0.5 and 0.6%) of
AgNWs, but the same concentrations of PEO (2.5%) and AMP
(0.2%) were prepared.

Electrospinning process. The electrospinning solution was
prepared and placed in a syringe (20 mL) with one needle for
electrospinning and a syringe pump to provide an accurate and
stable flow rate. A high-voltage supply of 30 kV was connected to
the syringe needle. Six glass-slide substrates (6 cm x 2 cm) were
placed under the needle with a distance of 15 cm. During these
experiments, the needle and substrate were static. The ejection
flow rate was fixed at 0.8 mL h™". During the electrospinning
process, the heating equipment was kept open and the
temperature was maintained at about 30 °C. The electro-
spinning time (30 min) was the same during all these
experiments.

Post-treatment. After 30 min, the electrospinning was
stopped. The glass slide was taken out and placed on a hot
stage. A heavy tetrafluoroethylene-based block was used to press
the glass slide. The glass slide was heated (70 °C for PEO and
110 °C for the other polymers) to melt the polymers. During this
process, the AgNWs gradually moved and were fastened by the
glass. After heating, the glass slide was immersed in a beaker,
which contained enough solvent (ethanol for PEO and PVAc;
water for PVP and PVA) (70 °C) to submerge the glass slide. The
polymers were completely washed away and the final TCF was
obtained. For PEO, the heating time and soak time were 15 s
and 10 s, respectively.

This journal is © The Royal Society of Chemistry 2017
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Every electrospinning solution was used to prepare the TCFs
five times to ensure that the performance of the representative
TCF could be repeated. Each time six electrospun films were
generated. After measuring the performance of these films, the
films with the best performance were chosen.
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