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Abstract: We synthesized silver nanowires (AgNWs) with a mean diameter of about 120 nm and
20-70 um in length using a polyol process. The flexible transparent conductive AgNWs films were
prepared using the vacuum filtration-transferring process, in which random AgNWs networks
were transferred to a polyethylene terephthalate (PET) substrate after being deposited on mixed
cellulose esters (MCEs). Furthermore, the photoelectric and mechanical properties of the AgNWs
films were studied. The scanning electron microscopy images show that the AgNWs randomly,
uniformly distribute on the surface of the PET substrate, which indicates that the AgNWs structure
was preserved well after the transfer process. The film with 81% transmittance at 550 nm and sheet
resistance about 130 ()-sq~! can be obtained. It is sufficient to be used as a flexible transparent
conductive film. However, the results of the bending test and tape test show that the adhesion of
AgNWs and PET substrate is poor, because the sheet resistance of film increases during the bending
test and tape test. The 0.06 W LED lamp with a series fixed on the surface of the AgNWs-PET
electrode with conductive adhesive was luminous, and it was still luminous after bent.
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1. Introduction

There is increasing demand for suitable flexible transparent conductive materials due to
the emergence of flexible plastic devices and the scarcity of indium resources. In recent years,
silver nanowires (AgNWs) utilized for fabricating flexible transparent conducting films (FTCFs)
for flexible electronics and transparent heaters have attracted significant attention for their excellent
mechanical, optical, thermal, and electrical properties [1-8]. However, critical issues still exist that need
to be addressed for the large scale application of AgNWs networks electrodes: (1) the low adhesion
between AgNWs and the bare substrate; (2) the large contact resistance across the silver wire-wire
junction [9-17]. To further optimize the performance of AgNWs-based electrodes, scientists have made
much progress at improving the performance of silver nanowires networks electrodes. The adhesion of
AgNWs to the surface of the substrate can be enhanced using the adhesion layer between AgNWs and
the substrate, and high-intensity pulsed light sintering and pressure [9,10]. In addition, the removal of
the insulating layer covered on the surface of the nanowires, or pressure treatment or heat treatment,
can improve contact resistance across the silver wire-wire junction [10,13,14].

Until now, many approaches used to prepare silver nanowires networks have been presented
including vacuum filtration, the drop-cast method, Meyer rod coating, and the transfer-printing
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technique [18-27]. However, it is very difficult to achieve a high quality film with low sheet resistance,
high optical transmittance, and good adhesion between the nanowires and substrate surface at the
same time. Vacuum filtration method is a commonly-used process in film production, which affords
films with some advantages such as surface uniformity, controllable thickness, and reproducibility.
To fabricate the flexible transparent conductive film, AgNWs networks usually are transferred to
a transparent substrate after being deposited on the mixed cellulose ester film; this constitutes the
vacuum filtration-transferring process. Moreover, it is very easy to generate cracks and other adverse
defects during the transferring process from mixed cellulose ester to polyethylene terephthalate (PET).

Our initial work was the fabrication of flexible transparent AgNWs conductive film with the
mixed cellulose eater (MCE) as a substrate; we obtained a good conductive structure on the MCE film
using the improved vacuum-filtrating method [28]. In this work, we further transfer AgNWs on the
surface of MCE to polyethylene terephthalate (PET) after dissolving the MCE. The good transferred
conductive structure was obtained under our experimental conditions, and the photoelectric and
mechanical properties of the AgNWs films were discussed.

2. Materials and Methods

Silver nitrate (AgNOs3, >99.8%) was purchased from Guangdong Guanghua Chemical Reagent
Co., Ltd. (Guangdong, China), poly(vinylprrolidone) (PVP, CcHyNO),; K30, Mw =~ 10,000,
was purchased from Guoyao Group Chemical Reagent Co., Ltd. (Shanghai, China); ferric chloride
(FeCl3-6H,0, >99.5%) was purchased from Chengdu Kelong chemical Co., Ltd. (Chengdu, China);
and ethylene glycol (EG, (HOCHy);, >99.7%) and ethanol absolute (CH3CH,OH, >99.7%) were
purchased from Tianjin Yongda chemical Co., Ltd. (Tianjing, China). 125 um-thick polyethylene
terephthalate (PET) film was purchased from Shanghai Fei Xia Plastic Hardware Co., Ltd.
(Shanghai, China). Water mixed cellulose esters membrane (MCE, 50, 0.4 um) was purchased
from Tianjin Jin Teng experimental equipment Co., Ltd. (Shanghai, China). Silver nanowires were
synthesized in our laboratory. All the chemicals were used as received.

Silver nanowires with a mean diameter of about 120 nm and a length of 20-70 pm were synthesized
by our reported polyol process [27]. 12.67 mg-mL~' AgNWs suspensions were diluted down to
0.0022 mg-mL~! with deionized water and sonicated for one minute. AgNWs diluent dispersions were
dispersed into 500 mL deionized water and deposited on porous MCE membrane to form AgNWs
networks with different densities by vacuum filtration. The AgNWs-MCE film was placed on a hard
plastic plate with binder clips and dried by oven at 80 °C for 30 min. Further, the AgNWs-MCE film
was fixed with four pins located in the middle of each boundary on a PET by adhesive tapes to ensure
the MCE entirely was completely in contact with the PET. The AgNWs-PET-MCE film was treated
with acetone vapor at 80 °C for 15 min. Then, the sample was immersed into acetone at 60 °C for
10 min to completely dissolve the MCE. Figure 1 shows the schematic illustration of the preparing
AgNWs film process.
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Figure 1. Schematic illustration of the preparing AgNWSs-PET film process.
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All scanning electron microscopy (SEM) images were taken on a FE-SEM Field emission scanning
electron microscopy, 53400 N, Hitachi Co., Tokyo, Japan). The sheet resistance of the FTCFs was
measured using a ST2263 four-point probe instrument (Suzhou Jingge Co., Ltd., Suzhou, China).
Optical transmittance (Ts) spectrum was measured using ultraviolet-visible light detector (UV-1800
SHIMADZU Co., Kyoto, Japan). The phase structures were determined by X-ray diffraction (XRD)
(Rigaku 2500 X-Ray DIFFRRACTOMETER, Rigaku Co., Japan ) on a scintage diffractometer with Cuk
radiation (A = 1.54060 A) at a scanning rate of 2°/min in the 20 range from 20 to 90°. 3 M tape with
finger pressure as a method of mechanical tape test is adopted to evaluate AgNWSs adhesion property
to the substrate. The adhesion performance of the AgNWs to the PET substrate is characterized
through the sheet resistance changes. The sheet resistance is measured after 3 M tape was stripped off
from the AgNWs film each 5 times. The bending test was carried out with lab-made apparatus with
software recording film resistance and cycle number.

3. Results

SEM image (Figure 2a) and XRD (Figure 2b) of the synthesized AgNWs are shown in Figure 2.
A photo of the synthesized AgNWs by a solvothermal process is inserted in Figure 2a. Seen from
Figure 2a, the range of diameter of AgNWs is about 120 nm, and the range of the length is about
20-70 pm. The color of the synthesized AgNWs solution is gray. Figure 2b shows five diffraction peaks,
indexed to the (111), (200), (220), (311), and (222) planes of pure face-centered-cubic (fcc) silver crystals.

The optical transmittance spectra (Figure 3a) and the sheet resistance (Rs) of AgNWs films with
different deposition densities (in grams deposited per square meter) of AgNWs are shown in Figure 3.
The relationship of the Rs and the transmittance at 550 nm of AgNWs film is inserted in Figure 3b.
The transmittance was measured with a transparent PET film as the reference. Both of the transmittance
and the Rs of the AgNWs films decrease with the increase of deposition density of AgNWs. When the
deposition density of AgNWs is 242 mg-m 2, the transmittance of AgNWs film at 550 nm is over
84%, and the Rs is above 130 (-sq~!. Increasing the deposition density of AgNWs to 267 mg-m 2,
a dramatic decrease in the Rs (38 (-sq~!) was observed in Figure 3b, and the transmittance of AgNWs
film at 550 nm is 81% (Figure 3a), which is better applied to the transparent conductive film. The Rs and
the transmittance of AgNWs film with 400 mg-m~2 deposition density decreases to 9 3-sq~! and 71%,
respectively. It is clear that the conductive networks of AgNWs gradually increase with the increase
of the deposition density of AgNWs. Under the condition of the low deposition density of AgNWs,
the increase of a small amount of AgNWSs can improve the conductivity significantly. However,
when the deposition density of AgNWs reaches a certain value, effective conductive networks form,
which has a small effect on the deposition density of AgNWs with regard to conductivity. The dense
conductive networks lead to a decrease in transmittance of film.
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Figure 2. (a) SEM image and (b) XRD of the silver nanowires. The photo of silver nanowires synthesized
by a solvothermal process is inserted in Figure 2a.
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Figure 3. Relationship of optical transmittance spectra (a) and the sheet resistance (b) of AgNWs films
versus the silver nanowires deposition densities of AgNWs-PET films.

The photos of AgNWs films with different deposition densities are shown in Figure 4. Seen from
Figure 4, the transparency of AgNWs films decrease with increasing deposition densities of AgNWs.
However, the distribution of AgNWs transferred to the PET substrate is uniform.
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Figure 4. Photos of AgNWs-PET films with different silver nanowires volumes.

Figure 5 shows SEM images of the AgNW-PET films with 363 (Figure 5a), 303 (Figure 5b),
267 (Figure 5¢), and 242 mg-m 2 (Figure 5d) AgNWs, respectively. Seen from Figure 5, AgNWs covered
on the surface of the PET substrate to form conductive network by crosslinking. The distribution of
AgNWs transferred to the PET substrate is uniform. This is consistent with the phenomenon shown
in the Figure 4. In this work, the sample-treated temperature with acetone vapor at 80 °C, and the
sample-fixed with four pins located in the middle of each boundary on a PET were used. The highly
treated temperature shortened the melting time of MEC, and the fixed sample reduced the deformation
of the sample, thus preventing the accumulation of silver nanowires. Photos of silver nanowires films
can be seen in Figure 5. The silver nanowires are evenly coated on the surface of PET, indicating that the
transfer process is good. With the increase of AgNWs’ deposition density, more and more conductive
networks are formed.
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Figure 5. SEM images of AgNWs-PET films with different deposition densities of AgNWs, (a) 363,
(b) 303, (c) 267, and (d) 242 mg-m 2.

Figure 6 shows the relationship of Rs of AgNWs film (the deposition density of 267 mg m~2) to
cycles of folding up (Figure 6a) and tape test for 5 times (Figure 6b). The inserted is a photo of folding
up. Seen from Figure 6, with the increase of the cycle member of folding up, the Rs gradually increases.
After the 50 cycles of folding up, the Rs changed linearly depending on cycle members. Rs of AgNWs
film increased nearly 2 times at 100 cycles of folding up. It is clear that after many cycles of folding
up, some of the AgNWs came off the surface of the PET substrate because of the poor adhesion of Ag
NWs and PET substrate, so the Rs decreased gradually due to the decrease of the conductive paths.
We did not obtain the sheet resistance of film after tape test was repeated 6 times. It is clear that the Rs
gradually decreases after tape test. We observed the AgNWs were removed from the PET substrate
and adhered to the tape after each tape test, indicating that the adhesion of the AgNWs to the PET
substrate is weak.
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Figure 6. Rs of AgNWs films versus cycle time of folding up (a) and tape test (b).

Figure 7 shows the SEM images of samples after folding up (Figure 7a) and tape test (Figure 7b).
Compared with Figure 5c, it is clear that the deposition density of AgNWs on the surface of PET
deceases after the cycles of folding up and tape test, indicating that the AgNWs fell off from the PET.
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Figure 7. SEM images of samples after folding up (a) and tape test (b).

One 0.06 W LED lamp with series fixed on the surface of AgNWSs-PET electrode with conductive
adhesive were luminous, and they were still luminous after bent (Figure 8).

Figure 8. Photos of LED lamp device.

4. Conclusions

Silver nanowires with a mean diameter of about 120 nm and 20-70 um in length were synthesized
using a polyol process. Further, the flexible transparent conductive AgNWs films with PET as a
substrate were prepared using the vacuum filtration-transferring process. The results show that the
AgNWs randomly and uniformly distribute on the surface of the PET substrate, which indicates that the
AgNWs structure is preserved well after the transfer process. The film with 81% of the transmittance
at 550 nm and 130 Q-sq~! sheet resistance can be obtained when the deposition density of AgNWs
is 242 mg-m~2. It is sufficient to be used as a flexible transparent conductive film. The bending test
indicated that the Rs gradually increases with the increase of the cycle member of folding up. After the
50 cycles of folding up, the Rs changed linearly depending on cycle members. The tape test indicated
that the Rs gradually decreases after the tape test and the sheet resistance of film did not obtained after
the tape test was repeated 6 times, indicating that the adhesion of the AgNWs to the PET substrate is
poor. The 0.06 W LED lamp with series fixed on the surface of AgNWSs-PET electrode with conductive
adhesive was luminous, and it was still luminous after being bent.
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