
micromachines

Article

Silver Nanowires from Sonication-Induced Scission

Yuehui Wang 1,2,* , Xing Yang 1 and Dexi Du 1

1 School of Materials and Energy, University of Electronic Science and Technology of China, Chengdu 610054,
China; shirleywyh@126.com (X.Y.); julydlyx@126.com (D.D.)

2 Department of Materials and Food, University of Electronic Science and Technology of China Zhongshan
Institute, Zhongshan 528402, China

* Correspondence: wangzsedu@126.com; Tel.: +86-15-900-020-061

Received: 13 December 2018; Accepted: 28 December 2018; Published: 4 January 2019
����������
�������

Abstract: Silver nanowires (AgNWs) have great potential to be used in the flexible electronics
industry for their applications in flexible, transparent conductors due to high conductivity and
light reflectivity. Those applications always involve size which strongly affects the optical and
electrical properties of AgNWs. AgNWs of mean diameter 70 nm and mean length 12.5 µm were
achieved by the polyol solvothermal method. Sonication-induced scission was used to obtain the
small size AgNWs. The relationship between the size of AgNWs and the ultrasonic time, ultrasonic
power, and concentration of AgNWs were studied. The results show that the length of AgNWs
gradually reduces with the increase of the ultrasonic time and ultrasonic power, and with the
decrease of concentration of AgNWs. Meanwhile, there is an existence of a limiting length below
which fragmentation of AgNWs no longer occurs. Further, the mechanics of sonication-induced
scission for the fragmentation of AgNWs was discussed.

Keywords: silver nanowires; sonication-induced scission; ultrasound power; fragmentation

1. Introduction

With the development of portable electronic devices, indium tin oxide (ITO) conductive
films have gradually failed to meet people’s needs due to their brittleness and flexibility [1,2].
Therefore, many conductive materials that are expected to replace ITO have been studied, such
as graphene [3–5], silver nanowires (AgNWs) [6], carbon nanotubes [7], and metal grids [8–10].
Tiefenauer et al. fabricated stretchable plasmonic-coupled graphene sensors which are based on gold
nanowire arrays on a polydimethylsiloxane platform with an added graphene monolayer on top.
This plasmonic sensor exhibited ultrahigh sensitivity to applied strain, which can be detected by shifts
in the plasmonic-enhanced Raman spectrum and enabled the detection of adsorbed molecules on
nonplanar surfaces through graphene-assisted surface enhanced Raman spectroscopy [3]. Meanwhile,
there are also some approaches to make stiff materials into soft materials via irradiation [11],
electron-beam-assisted [12], etc.

In recent years, people have become more and more inclined to use a conductive
network composed of nanowires. Considering various issues, AgNWs have received extensive
attention [6–9,13–25]. Due to the high conductivity and flexibility of AgNW networks, AgNWs have
shown promise in high visual transparency and conductivity essential for optoelectronic applications,
such as solar cells, radio frequency identification technology, organic light-emitting devices and so
on [7–9,13–17]. Maish et al. fabricated semitransparent organic solar cells with AgNW percolation
networks as bottom and top electrodes by an inkjet-printed process and demonstrated that the power
conversion efficiency can be 4.3% for 1 cm2 area [6]. Huang et al. reported gravure printing of
water-based AgNW ink on a flexible substrate [13]. The printed AgNW patterns on the flexible
substrate showed excellent flexibility under repeated bending [13].
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As we all know, the length of silver nanostructures affects strongly their properties and
applications [7–9,13–17]. It has been reported in many literatures that the photoelectric properties of
AgNW transparent conductive films improve with an increase in length of AgNWs [13–17]. A number
of methods have been developed for the preparation of AgNWs having a controllable structure
such as liquid phase polyol methods, hydrothermal methods, templating methods and so on [17–25].
The preparation of AgNWs with different sizes can be achieved by adjusting the concentration, amount,
reaction temperature and time of the reactants, and reducing agents, agents and surfactants [17–25].
However, the controllable preparation of silver nanostructures is still changing, because most of the
prepared AgNWs have a large size distribution range [23–25].

Sonication is widely applied to disperse materials in liquid media due to the ultrahigh shear
rate attained during cavitation events [26–32]. However, sonication can also induce the scission
of the materials that are imploding cavitation bubbles. Sonication-induced scission is often used
to solve the problem of the scission of fiber-like structures with high aspect ratio, including the
exfoliation and scission of carbon nanotubes [26–32]. Recently, the kinetics of nanotube and microfiber
sonication-induced scission and the effects of sonication-induced scission on the morphology were
discussed [23–30]. Heller et al. reported that the scission process was diameter-selective by gel
electrophoresis and column chromatography analysis of ultrasonic treated single-walled carbon
nanotubes, that the separation by diameter is concomitant with length fractionation and that the
distribution of nanotubes changes with the ultrasonic treatment time [30]. Hennrich et al. investigated
the effect of ultrasound on the fracture of nanotubes by studying the length-selective aqueous
suspension of single-walled carbon nanotubes, and it was found that the cavitation-related strain
forces are proportional to the square of the length of the nanotubes [31]. When the strain force is lower
than the critical value that can destroy the nanotubes, the fracture stops and the maximum tube length
distribution initially exhibits a power-law dependence on the ultrasound time (lM ≈ t−0.5) [29]. Stegen
proposed a length-dependent scission rate theory by taking the movement of the carbon nanotubes
into account, and it is pointed out that the fracture rate depends on the length and tensile strength
of the carbon nanotubes [32]. To the best of our knowledge, there have been few reports of AgNWs
specifically describing AgNWs from sonication-induced scission [33,34].

The research content of this paper provided an idea for obtaining AgNWs with controllable
size. Sonication-induced scission of AgNWs was carried out, and the effect of ultrasonic time and
power-concentration of AgNWs on the size of AgNWs were investigated.

2. Materials and Methods

2.1. Materials

Silver nitrate (≥99.8%) was purchased from Guangzhou Jinhuada Chemical Reagent Co., Ltd.,
Guangzhou, China. Poly(vinylprrolidone) (PVP, Mw ≈ 10,000), was purchased from Jinan Jiage
Biological Technology Co., Ltd., Guangzhou, China. Ferric chloride (≥99.5%) was purchased from
Shanghai Hongshun Biological Technology Co., Ltd., Shanghai, China, and ethylene glycol (≥99.7%)
and ethanol absolute (99.7%) were purchased from Jinan Liyang Chemical Co., Ltd., Jinan, China.
All the chemicals were used as received.

2.2. Methods

2.2.1. Preparation Method of Silver Nanowires

AgNWs were prepared by the polyol solvothermal method. First, 0.0649 g FeCl3 was dissolved
in 40 mL of EG and diluted 50 times to get solution A. Then 0.6795 g AgNO3 and 1.0193 g PVP were
dissolved in 40 mL of ethylene glycol and solution A, respectively. The obtained mixture was then
transferred into a 100 mL reaction kettle and reacted at 160 ◦C for 3 h until the reaction was completed.
After the completion of the reaction, the sample was removed and cooled down to room temperature.
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AgNWs were purified by centrifuging at 6000 rpm for 20 min in the presence of acetone and ethanol
three times. At last, the AgNWs were re-dispersed in deionized water.

2.2.2. Sonication-Induced Scission of Silver Nanowires

For ultrasonication treatments, An AgNW aqueous solution was diluted to 0.0084–1.67 mg·mL−1

and sequentially underwent ultrasonication for 1–6 h at a power of 0–480 W. The ultrasonication was
carried out with a bath type sonicator (JP-120ST, 0–600 W, 28/40 kHz, Shenzhen Jiemeng Cleaning
Equipment Co., Ltd., Shenzhen, China). The length of individual AgNWs in the images was measured
manually according to an image processing software ((ImageJ Software. version 1.46, developed by
National Institutes of Health, Bethesda, MA, USA). The morphologies of AgNWs were characterized
with scanning electron microscope (SEM, zeiss sigma 500, Carl Zeiss, Jena, Germany) measurement.
X-ray diffraction (XRD, DIFFRRACTOMETER, Rigaku Co., Tokyo, Japan) was used to measure the
phase structures.

3. Results and Discussion

Figure 1a shows the XRD pattern of as-synthesized AgNWs. The inserted photos are the AgNW
solution before (left) and after purified (right), respectively. There are five distinct diffraction peaks in
the spectrum. The 2θ are 38.12◦, 44.32◦, 65.54◦, 77.40◦, and 81.56◦, respectively, which is consistent with
the XRD standard spectrum of silver. The corresponding diffraction planes are (111), (200), (220), (311),
and (222), respectively. It is shown that the as-prepared AgNW has a face-centered cubic structure.
The colors of the AgNW solution before and after purified are grey and gray-green, respectively.
Figure 2b shows the SEM image of the AgNWs. AgNWs of mean diameter 70 nm and mean length
12.5 µm were achieved.

Micromachines 2018, 9, x FOR PEER REVIEW  3 of 10 

 

2.2.2. Sonication-Induced Scission of Silver Nanowires 

For ultrasonication treatments, An AgNW aqueous solution was diluted to 0.0084–1.67 mg·mL−1 
and sequentially underwent ultrasonication for 1–6 h at a power of 0–480 W. The ultrasonication was 
carried out with a bath type sonicator (JP-120ST, 0–600 W, 28/40 kHz, Shenzhen Jiemeng Cleaning 
Equipment Co., Ltd., Shenzhen, China). The length of individual AgNWs in the images was 
measured manually according to an image processing software ((ImageJ Software. version 1.46, 
developed by National Institutes of Health, Bethesda, MA, USA). The morphologies of AgNWs were 
characterized with scanning electron microscope (SEM, zeiss sigma 500, Carl Zeiss, Jena, Germany) 
measurement. X-ray diffraction (XRD, DIFFRRACTOMETER, Rigaku Co., Tokyo, Japan) was used to 
measure the phase structures. 

3. Results and Discussion 

Figure 1a shows the XRD pattern of as-synthesized AgNWs. The inserted photos are the AgNW 
solution before (left) and after purified (right), respectively. There are five distinct diffraction peaks 
in the spectrum. The 2θ are 38.12°, 44.32°, 65.54°, 77.40°, and 81.56°, respectively, which is consistent 
with the XRD standard spectrum of silver. The corresponding diffraction planes are (111), (200), (220), 
(311), and (222), respectively. It is shown that the as-prepared AgNW has a face-centered cubic 
structure. The colors of the AgNW solution before and after purified are grey and gray-green, 
respectively. Figure 2b shows the SEM image of the AgNWs. AgNWs of mean diameter 70 nm and 
mean length 12.5 μm were achieved. 

 
Figure 1. XRD (a) and SEM (b) of AgNWs. The inserted photos are the as-synthesized AgNW solution 
before (left) and after purified (right), respectively. 

Figure 2 shows SEM images of AgNWs (1.67 mg·mL−1) treated with ultrasonic power of 100 W 
at different ultrasonic times and the relationship of average length of AgNWs with ultrasonic time. 
The inserted images are the length distribution of AgNWs. It has been observed that the average 
length of AgNWs gradually becomes shorter with the increase of the ultrasonic time, finally changing 
little after prolonged sonication. The average length of AgNWs reduced to 3.31 μm after sonicated 
for 6 h. Meanwhile, interesting phenomena are observed, the range of the length distribution of 
AgNWs after sonicated has been found to be significantly narrower than in the initial population of 
AgNWs, the long AgNWs were fragmented and shorter nanowires remained with similar lengths. It 
is indicated that the decrease in length is dominated by a mechanical shearing process resulting from 
the fluid flow, rather than a degradation process caused by thermal or chemical effects of sonication 
[25]. The length of AgNWs from sonication-induced scission decreases obviously within the initial 
three hours, after that, the length of AgNWs slightly reduced. The reason is that the short AgNWs 

Figure 1. XRD (a) and SEM (b) of AgNWs. The inserted photos are the as-synthesized AgNW solution
before (left) and after purified (right), respectively.

Figure 2 shows SEM images of AgNWs (1.67 mg·mL−1) treated with ultrasonic power of 100 W
at different ultrasonic times and the relationship of average length of AgNWs with ultrasonic time.
The inserted images are the length distribution of AgNWs. It has been observed that the average
length of AgNWs gradually becomes shorter with the increase of the ultrasonic time, finally changing
little after prolonged sonication. The average length of AgNWs reduced to 3.31 µm after sonicated for
6 h. Meanwhile, interesting phenomena are observed, the range of the length distribution of AgNWs
after sonicated has been found to be significantly narrower than in the initial population of AgNWs,
the long AgNWs were fragmented and shorter nanowires remained with similar lengths. It is indicated
that the decrease in length is dominated by a mechanical shearing process resulting from the fluid flow,



Micromachines 2019, 10, 29 4 of 10

rather than a degradation process caused by thermal or chemical effects of sonication [25]. The length
of AgNWs from sonication-induced scission decreases obviously within the initial three hours, after
that, the length of AgNWs slightly reduced. The reason is that the short AgNWs can be dragged away
easily by the fluid flow. By fitting the scatter data, we obtain a power law function between the average
length of the AgNWs and the ultrasonic time, as shown in Equation (1).

L(t) ∝ t−0.42 (1)

where t is the ultrasonic time and L(t) represents the average length of AgNWs at different times.
Lucas and coworkers studied the scission law of ultrasonically fractured carbon nanotubes and found
that the average length of carbon nanotubes scales as t−n, with n ≈ 0.2, which is different from the
scission law of AgNWs we have derived [29]. During ultrasound, ultrasound energy (EUS) is the
product of ultrasound time (TUS) and ultrasound power (PUS), EUS = TUS × PUS [29]. Therefore,
under the condition that the ultrasonic power is constant, the ultrasonic energy is proportional to the
ultrasonic time. From this we conclude that the trend between the average length of the ultrasonically
treated AgNWs and the ultrasonic energy is the same as the trend between the average length and the
ultrasonic time.
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Figure 2. SEM images of AgNWs (1.67 mg·mL−1) treated with ultrasonic power 100 W and different
ultrasonic time and the relationship of average length of AgNWs with ultrasonic time.

Previous works have shown that the scission or dispersion of carbon nanotubes is dependent on
sonication energy, rather than sonication time [30]. However, our experimental results show that when
the length of the nanowire is less than a certain value, the scission of the nanowires with ultrasonic
power of 100 W is independent of the ultrasonic time. We think that the difference may be due to the
length and properties of the materials.

Figure 3 shows SEM images of AgNWs (1.67 mg·mL−1) sonicated for 1.5 h and different ultrasonic
powers and relationship of average length of AgNWs with ultrasonic power. The inserted images
are the length distribution of AgNWs. Compared with Figure 2, it is clear that the ultrasonic power
has significant effect on the length of AgNWs from sonication-induced scission. When the ultrasonic
power is 240 W, the length of AgNWs reduces from 11.8 µm to 3.98 µm. When the ultrasonic power is
480 W, the average length of AgNWs reduces to 2.14 µm. When the ultrasonic power of 300–480 W
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were applied, it was found that the length of AgNWs linearly decreased, however, the degree of the
length reduction is low, which may be because the size of the nanowires was small after ultrasonic
power of 300 W. The dispersion of AgNWs is not good, and some clusters of AgNWs are observed.
Similarly, we performed a fit on the obtained scatter data, and obtained the power law function shown
in Equation (2) with a fitness of 0.88, where p represents the ultrasonic power and L(p) represents the
average length of the AgNWs after different ultrasonic power treatments.

L(p) ∝ p−0.88 (2)

Table 1 shows the samples and different applied sonication energies. The sonication energy to
the AgNW solution was controlled by varying the sonication powers from 240 to 480 W. According to
the previous formula, we can infer that the changing trend of the average length of AgNWs and the
acoustic energy is similar to that of ultrasonic power.
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Table 1. Samples with different applied sonication energies.

Sample 1 2 3 4 5

Ultrasonic power (W) 240 300 360 420 480
Ultrasonic energy (kJ) 1296 1620 1944 2268 2592

To understand more clearly the role of ultrasonic power in the length of AgNWs from
sonication-induced scission, we also measured the length of AgNWs sonicated for 3 h and different
ultrasonic powers, as shown in Figure 4. The inserted images are the length distributions of AgNWs.
The trend of the effect of ultrasonic time on the length of AgNWs from sonication-induced scission is
the same as that of Figure 2. However, the change of the length of AgNWs tends to a constant model
length after ultrasonic power of 300 W. In addition, the AgNW clusters are closer. The reason may be
that the AgNWs are agglomerated for long ultrasonic time. The nonlinear fitting results in a power law
function relationship between the average length of AgNWs and the ultrasonic power was obtained as
shown in Equation (3). Compared to Equation (2), the exponential factor has changed from −0.89 to
−0.26 due to the increase in ultrasonic time. Of course, according to the previous theory, the trend
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between the average length of AgNWs and the ultrasonic energy is similar to that of the ultrasonic
time of 1.5 h.

L(p) ∝ p−0.26 (3)
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Figure 5 shows SEM images of AgNWs with different concentrations and ultrasonic power of
100 W for 3 h, and shows the relationship of the average length of AgNWs with concentration of
AgNWs. The inserted images are the length distributions of AgNWs. The concentrations of AgNWs
are 1.67, 0.58, 0.167, 0.111, and 0.084 mg·mL−1. It can be seen from Figure 5, that the length of AgNWs
slightly reduces with the decrease of concentration of AgNWs. When the AgNW concentration is
1.67 mg·mL−1, the average length of the AgNWs is 3.98 µm, and the average length of the AgNWs
decreases 0.83 µm after 20 times of dilution. Similarly, we fit the scatter data. The power law function
is shown in Equation (4).

L(c) ∝ c0.06 (4)

where c is the concentration of AgNWs and L(c) is the average length of AgNWs. If calculated according
to the formula, the ultrasonic energy is constant under the condition that the ultrasonic time and power
are constant. Therefore, this also means that the ultrasonic process relies not only on the ultrasonic
energy but also on the amount of solvent in the dispersion. In other words, the average length of
AgNWs is dependent on the effective ultrasonic energy acting on the acoustic cavitation.

Based on the above experimental results, we present the sonication-induced scission mechanism
of AgNWs as shown in Figure 6. Under the action of acoustic cavitation, small bubbles undergo
three stages of nucleation, growth and explosion. When a bubble nucleates in a liquid, there are
two cases: when the intensity of the sound wave is lower than a certain critical value, the bubble
cores will dissolve; when the ultrasonic intensity is sufficient, the bubble grows by means of joint or
rectification diffusion to reach a critical resonance [26–37]. After reaching the critical resonance size
(Blake threshold), it becomes unstable, and then grows explosively. After reaching the maximum value,
the small bubbles will blast instantaneously.
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Figure 6. Mechanics of sonication-induced scission for fragmentation of AgNWs.

Under the action of the sound field, the originally disordered AgNWs are arranged in a radial
order. The instantaneous blasting of the bubble produces a huge instantaneous energy, which causes
AgNWs to be torn under the impact of huge energy and produces a cluster of tiny bubbles, which
becomes the basis of the next bubble cycle [37–45]. The scission rate is governed by the supplied
acoustic energy. In addition, the sonication-induced scission only affects the length of the nanowires,
but not the diameter. The length of the AgNWs is proportional to the ultrasonic energy, and the longer
the ultrasonic action time is, the more of the length of the AgNWs decrease linearly.

4. Conclusions

AgNWs of mean diameter 70 nm and mean length 12.5 µm were achieved by the polyol
solvothermal method. Sonication-induced scission was used to obtain the AgNWs with different
sizes. The results show that the size of AgNWs from sonication-induced scission is related to the
ultrasonic time, ultrasonic power, and concentration of AgNWs. When AgNWs (1.67 mg·mL−1) were
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treated with ultrasonic power 100 W and sonicated for 6 h, the average length of AgNWs reduced to
3.31 µm. When the ultrasonic power is 240 W, the length of AgNWs (1.67 mg·mL−1) sonicated for 1 h
reduces from 11.8 µm to 3.98 µm. When the ultrasonic power is 480 W, the average length of AgNWs
(1.67 mg·mL−1) sonicated for 1 h reduces to 2.14 µm. When the ultrasonic power of 300–480 W were
applied, the length of AgNWs linearly decreased, however, the degree of the length reduction is low.
However, with extended ultrasonic time, the change of the length of AgNWs tends to a constant model
length after an ultrasonic power at 300 W. The length of AgNWs slightly reduces with a decrease in the
concentration of AgNWs. When silver nanowire concentration is 1.67 mg·mL−1, the average length of
AgNWs is 3.98 µm, and the average length of AgNWs decreases 0.83 µm after 20 times of dilution.
Our results show that the existence of a limiting length below which fragmentation no longer occurs.

Author Contributions: X.Y. conceived and designed the experiments; X.Y. and D.D. performed the experiments
and analyzed the data; Y.W. contributed reagents/materials/analysis tools; Y.W. wrote the paper. All authors
have read and approved the final manuscript.

Acknowledgments: This work was financially supported by National Science Foundation of China under grants
of (61302044, 61671140) and Zhongshan Science and Technology Projects (2018SYF10).

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

References

1. Jin, Y.X.; Wang, K.Q.; Cheng, Y.Q.; Pei, Q.B.; Xu, Y.X.; Xiao, F. Removable large-area ultrasmooth silver
nanowire transparent composite electrode. ACS Appl. Mater. Interfaces 2017, 9, 4733–4741. [CrossRef]
[PubMed]

2. Du, H.W.; Wan, T.; Qu, B.; Cao, F.Y.; Lin, Q.R.; Chen, N.; Lin, X.; Chu, D.W. Engineering silver nanowire
networks: From transparent electrodes to resistive switching devices. ACS Appl. Mater. Interfaces 2017, 9,
20762–20770. [CrossRef]

3. Tiefenauer, R.F.; Dalgaty, T.; Keplinger, T.; Tian, T.; Shih, C.-J.; Vörös, J.; Aramesh, M. Monolayer Graphene
Coupled to a Flexible Plasmonic Nanograting for Ultrasensitive Strain Monitoring. Small 2018, 1801187, 1–7.
[CrossRef] [PubMed]

4. Secor, E.B.; Lim, S.; Zhang, H.; Frisbie, C.D.; Francis, L.F.; Hersam, M.C. Gravure printing of graphene for
large-area flexible electronics. Adv. Mater. 2014, 26, 4533–4538. [CrossRef] [PubMed]

5. Biswas, C.; Lee, Y.H. Graphene versus carbon nanotubes in electronic devices. Adv. Funct. Mater. 2011, 21,
3806–3826. [CrossRef]

6. Maisch, P.; Tam, K.C.; Lucera, L.; Egelhaaf, H.-K.; Scheiber, H.; Maier, E.; Brabec, C.J. Inkjet printed
silver nanowire percolation networks as electrodes for highly efficient semitransparent organic solar cells.
Org. Electron. 2016, 38, 139–143. [CrossRef]

7. Fan, Z.; Yan, J.; Zhi, L.; Zhang, Q.; Wei, T.; Feng, J.; Zhang, M.; Qian, W.; Wei, F. A Three-Dimensional Carbon
Nanotube/Graphene Sandwich and Its Application as Electrode in Supercapacitors. Adv. Mater. 2010, 22,
3723–3728. [CrossRef]

8. Tao, Y.; Li, J.; Li, K.; Wang, H.; Chen, P.; Duan, Y.H.; Chen, Z.; Liu, Y.F.; Wang, H.R.; Duan, Y. Inkjet-printed Ag
grid combined with Ag nanowires to form a transparent hybrid electrode for organic electronics. Org. Electron.
2017, 41, 179–185. [CrossRef]

9. Zhang, B.; Liu, D.M.; Liang, Y.T.; Zhang, D.D.; Yan, H.; Zhang, Y.Z. Flexible transparent and conductive films
of reduced-graphene-oxide wrapped silver nanowires. Mater. Lett. 2017, 201, 50–53. [CrossRef]

10. Chiang, K.M.; Huang, Z.Y.; Tsai, W.L.; Lin, H.W. Orthogonally weaved silver nanowire networks for very
efficient organic optoelectronic devices. Org. Electron. 2017, 43, 15–20. [CrossRef]

11. Aramesh, M.; Mayamei, Y.; Wolff, A.; Ostrikov, K. Superplastic nanoscale pore shaping by ion irradiation.
Nat. Commun. 2018, 9, 835. [CrossRef] [PubMed]

12. Zheng, K.; Wang, C.; Cheng, Y.Q.; Yue, Y.; Han, X.; Zhang, Z.; Shan, Z.; Mao, S.X.; Ye, M.; Yin, Y.; et al.
Electron-beam-assisted superplastic shaping of nanoscale amorphous silica. Nat Commun. 2010, 1, 1–24.
[CrossRef] [PubMed]

13. Huang, Q.J.; Zhu, Y. Gravure Printing of Water-based Silver Nanowire ink on Plastic Substrate for Flexible
Electronics. Sci. Rep. 2018, 1, 15167. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/acsami.6b15025
http://www.ncbi.nlm.nih.gov/pubmed/28092153
http://dx.doi.org/10.1021/acsami.7b04839
http://dx.doi.org/10.1002/smll.201801187
http://www.ncbi.nlm.nih.gov/pubmed/29882299
http://dx.doi.org/10.1002/adma.201401052
http://www.ncbi.nlm.nih.gov/pubmed/24782064
http://dx.doi.org/10.1002/adfm.201101241
http://dx.doi.org/10.1016/j.orgel.2016.08.006
http://dx.doi.org/10.1002/adma.201001029
http://dx.doi.org/10.1016/j.orgel.2016.10.046
http://dx.doi.org/10.1016/j.matlet.2017.04.137
http://dx.doi.org/10.1016/j.orgel.2016.12.054
http://dx.doi.org/10.1038/s41467-018-03316-7
http://www.ncbi.nlm.nih.gov/pubmed/29483582
http://dx.doi.org/10.1038/ncomms1021
http://www.ncbi.nlm.nih.gov/pubmed/20975693
http://dx.doi.org/10.1038/s41598-018-33494-9
http://www.ncbi.nlm.nih.gov/pubmed/30310117


Micromachines 2019, 10, 29 9 of 10

14. Kwon, J.; Suh, Y.D.; Lee, J.; Lee, P.; Han, S.; Hong, S.; Yeo, J.; Lee, H.; Ko, S.H. Recent progress in silver
nanowire based flexible/wearable optoelectronics. J. Mater. Chem. C 2018, 6, 7445–7461. [CrossRef]

15. Jo, W.; Kang, H.S.; Choi, J.; Lee, H.; Kim, H.T. Plasticized polymer interlayer for low-temperature fabrication
of a high-quality silver nanowire-based flexible transparent and conductive film. ACS Appl. Mater. Interfaces
2017, 9, 15114–15121. [CrossRef] [PubMed]

16. Sorel, S.; Lyons1, P.E.; De1, S.; Dickerson, J.C.; Coleman, J.N. The dependence of the optoelectrical properties
of silver nanowire networks on nanowire length and diameter. Nanotechnology 2012, 23, 185201. [CrossRef]
[PubMed]

17. Bergin, S.M.; Chen, Y.H.; Rathmell, A.R.; Charbonneau, P.; Li, Z.Y.; Wiley, B.J. The effect of nanowire length
and diameter on the properties of transparent, conducting nanowire films. Nanoscale 2012, 4, 1996–2004.
[CrossRef]

18. Marus, M.; Hubarevich, A.; Lim, R.J.W.; Huang, H.; Smirnov, A.; Wong, H.; Fan, W.J.; Sun, X.W. Effect of
silver nanowire length in a broad range on optical and electrical properties as a transparent conductive film.
Opt. Mater. Express 2017, 7, 1105–1112. [CrossRef]

19. Yoo, B.; Kim, Y.; Han, C.J. Recyclable patterning of silver nanowire percolated network for fabrication of
flexible transparent electrode. Appl. Surf. Sci. 2018, 29, 151–157. [CrossRef]

20. Lee, J.H.; Lee, P.; Lee, D.; Lee, S.S.; Ko, S.H. Large-scale synthesis and characterization of very long silver
nanowires via successive multistep growth. Cryst. Growth Des. 2012, 12, 5598–5605. [CrossRef]

21. Zhang, Y.; Guo, J.N.; Xu, D.; Sun, Y.; Yan, F. One-pot synthesis and purification of ultra-long silver nanowires
for flexible transparent conductive electrodes. ACS Appl. Mater. Interf. 2017, 9, 25465–25473. [CrossRef]
[PubMed]

22. Hemmati, S.; Barkey, D.P. Parametric study, sensitivity analysis, and optimization of polyol synthesis of
silver nanowires. ECS J. Solid State Sci. Technol. 2017, 6, P132–P137. [CrossRef]

23. Meléndrez, M.F.; Medina, C.; Solis-Pomar, F.; Flores, P.; Paulraj, M.; Pérez-Tijerina, E. Quality and high yield
synthesis of Ag nanowires by microwave-assisted hydrothermal method. Nanoscale Res. Lett. 2015, 10, 48.
[CrossRef] [PubMed]

24. Natsuki, J.; Natsuki, T.; Hashimoto, Y. A review of silver nanoparticles: Synthesis methods, properties and
applications. Int. J. Mater. Sci. Appl. 2015, 4, 325–332. [CrossRef]

25. Zong, R.L.; Zhou, J.; Li, Q.; Du, B.; Li, B.; Fu, M.; Qi, X.W.; Li, L.T. Synthesis and optical properties of
silver nanowires arrays embedded in anodic alumina membrane. J. Phys. Chem. B 2004, 108, 16713–16716.
[CrossRef]

26. Grossiord, N.; Regev, O.; Loos, J.; Meuldijk, J.; Koning, C.E. Time-dependent study of the exfoliation process
of carbon nanotubes in aqueous dispersions by using UV-Visible Spectroscopy. Anal. Chem. 2005, 77,
5135–5139. [CrossRef]

27. Elsner, H.I.; Lindblad, E.B. Ultrasonic degradation of DNA. DNA 1989, 8, 697–701. [CrossRef] [PubMed]
28. Liu, T.; Xiao, Z.W.; Wang, B. The exfoliation of SWCNT bundles examined by simultaneous Raman scattering

and photoluminescence spectroscopy. Carbon 2009, 47, 3529–3537. [CrossRef]
29. Lucas, A.; Zakri, C.; Maugey, M.; Pasquali, M.; Schoot, P.; Poulin, P. Kinetics of nanotube and microfiber

scission under sonication. J. Phys. Chem. C 2009, 113, 20599–20605. [CrossRef]
30. Heller, D.A.; Mayrhofer, R.M.; Baik, S.; Grinkova, Y.V.; Usrey, M.L.; Strano, M.S. Concomitant length and

diameter separation of single-walled carbon nanotubes. J. Am. Chem. Soc. 2004, 126, 14567–14573. [CrossRef]
31. Hennrich, F.; Krupke, R.; Arnold, K.; Stu1tz, J.A.R.; Lebedkin, S.; Koch, T.; Schimmel, T.; Kappes, M.M.

The mechanism of cavitation-induced scission of single-walled carbon nanotubes. J. Phys. Chem. B 2009, 111,
1932–1937. [CrossRef] [PubMed]

32. Stegen, J. Mechanics of carbon nanotube scission under sonication. J. Chem. Phys. 2104, 140, 244908.
[CrossRef] [PubMed]

33. Huang, Q.; Al-Milaji, K.N.; Zhao, H. Inkjet Printing of Silver Nanowires for Stretchable Heaters. ACS Appl.
Nano Mater. 2018, 1, 4528–4536. [CrossRef]

34. Finn, D.J.; Lotya, M.; Coleman, J.N. Inkjet Printing of Silver Nanowire Networks. ACS Appl. Mater. Interf.
2015, 7, 9254–9261. [CrossRef] [PubMed]

35. Li, Z.L.; Xie, H.; Jun, D.; Wang, Y.H.; Li, J.Z. A comprehensive study of transparent conductive silver
nanowires films with mixed cellulose ester as matrix. J. Mater. Sci. Mater. Electron. 2015, 26, 6532–6538.
[CrossRef]

http://dx.doi.org/10.1039/C8TC01024B
http://dx.doi.org/10.1021/acsami.7b01344
http://www.ncbi.nlm.nih.gov/pubmed/28374579
http://dx.doi.org/10.1088/0957-4484/23/18/185201
http://www.ncbi.nlm.nih.gov/pubmed/22498640
http://dx.doi.org/10.1039/c2nr30126a
http://dx.doi.org/10.1364/OME.7.001105
http://dx.doi.org/10.1016/j.apsusc.2017.07.285
http://dx.doi.org/10.1021/cg301119d
http://dx.doi.org/10.1021/acsami.7b07146
http://www.ncbi.nlm.nih.gov/pubmed/28695734
http://dx.doi.org/10.1149/2.0141704jss
http://dx.doi.org/10.1186/s11671-015-0774-x
http://www.ncbi.nlm.nih.gov/pubmed/25852345
http://dx.doi.org/10.11648/j.ijmsa.20150405.17
http://dx.doi.org/10.1021/jp0474172
http://dx.doi.org/10.1021/ac050358j
http://dx.doi.org/10.1089/dna.1989.8.697
http://www.ncbi.nlm.nih.gov/pubmed/2693020
http://dx.doi.org/10.1016/j.carbon.2009.08.023
http://dx.doi.org/10.1021/jp906296y
http://dx.doi.org/10.1021/ja046450z
http://dx.doi.org/10.1021/jp065262n
http://www.ncbi.nlm.nih.gov/pubmed/17274643
http://dx.doi.org/10.1063/1.4884823
http://www.ncbi.nlm.nih.gov/pubmed/24985679
http://dx.doi.org/10.1021/acsanm.8b00830
http://dx.doi.org/10.1021/acsami.5b01875
http://www.ncbi.nlm.nih.gov/pubmed/25874531
http://dx.doi.org/10.1007/s10854-015-3249-z


Micromachines 2019, 10, 29 10 of 10

36. Yang, K.; Yi, Z.; Jing, Q.; Yue, R.; Jiang, W.; Lin, D. Sonication-assisted dispersion of carbon nanotubes in
aqueous solutions of the anionic surfactant SDBS: The role of sonication energy. Chin. Sci. Bull. 2013, 58,
2082–2090. [CrossRef]

37. Chen, S.Y.; Li, Y.; Jin, R.; Guan, Y.W.; Ni, H.T.; Wan, Q.H.; Li, L. A systematic and effective research procedure
for silver nanowire ink. J. Alloys Compd. 2107, 706, 164–175. [CrossRef]

38. Ashokkumar, M.; Lee, J.; Kentish, S.; Grieser, F. Bubbles in an acoustic field: An overview. Ultrason. Sonochem.
2007, 14, 470–475. [CrossRef] [PubMed]

39. Apfel, R.E. Acoustic cavitation inception. Ultrasonics 1984, 22, 167–173. [CrossRef]
40. Chew, H.B.; Moon, M.W.; Lee, K.R.; Kim, K.S. Compressive dynamic scission of carbon nanotubes under

sonication: Fracture by atomic ejection. Proc. R. Soc. A 2011, 467, 1270–1289. [CrossRef]
41. Pagani, G.; Green, M.J.; Poulin, P.; Pasquali, M. Competing mechanisms and scaling laws for carbon nanotube

scission by ultrasonication. Proc. Natl. Acad. Sci. USA 2012, 109, 11599–11604. [CrossRef] [PubMed]
42. Huang, Y.Y.; Knowles, T.P.J.; Terentjev, E.M. Strength of nanotubes, filaments, and nanowires from

sonication-induced scission. Adv. Mater. 2009, 21, 3945–3948. [CrossRef]
43. Lee, J.; Ashokkumar, M.; Kentish, S.; Grieser, F. Determination of the size distribution of sonoluminescence

bubbles in a pulsed acoustic field. J. Am. Chem. Soc. 2005, 127, 16810–16811. [CrossRef] [PubMed]
44. Prosperetti, A. Bubble phenomena in sound fields: Part one. Ultrasonics 1984, 22, 69–77. [CrossRef]
45. Guérin, G.; Wang, H.; Manners, I.; Winnik, M.A. Fragmentation of fiberlike structures: Sonication studies of

cylindrical block copolymer micelles and behavioral comparisons to biological fibrils. J. Am. Chem. Soc. 2008,
130, 14763–14771. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11434-013-5697-2
http://dx.doi.org/10.1016/j.jallcom.2017.02.214
http://dx.doi.org/10.1016/j.ultsonch.2006.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17234444
http://dx.doi.org/10.1016/0041-624X(84)90032-5
http://dx.doi.org/10.1098/rspa.2010.0495
http://dx.doi.org/10.1073/pnas.1200013109
http://www.ncbi.nlm.nih.gov/pubmed/22752305
http://dx.doi.org/10.1002/adma.200900498
http://dx.doi.org/10.1021/ja0566432
http://www.ncbi.nlm.nih.gov/pubmed/16316227
http://dx.doi.org/10.1016/0041-624X(84)90024-6
http://dx.doi.org/10.1021/ja805262v
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation Method of Silver Nanowires 
	Sonication-Induced Scission of Silver Nanowires 


	Results and Discussion 
	Conclusions 
	References

