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Abstract

:

Ultrasonic morphology modification of silver (Ag) nanowires and their applications in transparent film heaters for defogging in electric vehicles and surface-enhanced Raman scattering (SERS) detectors have been studied. With 10 min ultrasonic treatment of Ag nanowires, the electro-thermal conversion capability of Ag nanowire based transparent film heaters is efficiently improved (about 50% increase in temperature rise), which can be mainly attributed to the cross-section area reduction and the serious agglomerations of the ultrasonic modified Ag nanowire films. Furthermore, the bending or fracture caused by deformation of Ag nanowires after ultrasonic treatment provides more hot spots for SERS, and therefore lead to a significant SERS signal enhancement. This work not only greatly improves the performance of Ag nanowire based transparent film heaters and SERS detectors, but provides a new way for the functional modification of Ag nanowires.
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1. Introduction


Recently, Ag (silver) nanowires as flexible transparent conductive materials have been used for flexible or stretchable transparent heater for defogging, water heating, thin film actuation, bioheating, etc. [1,2,3,4]. Meanwhile, Ag nanowires are widely used in durable SERS detectors for their excellent optical and electrical properties [5]. At present, Ag nanowires can be prepared by various ways, such as deposition in hard templates, microwave, and hydrothermal synthesis [6,7,8]. All these methods provide long and straight Ag nanowires, due to the growth habits of metal nano-crystals, or limited by straight template, such as anodic aluminum oxide (AAO) et al. [9,10]. However, the build of nano-structure devices need bended or other Ag nanowires with complex topology, such as a shaped tip at the end of Ag nanowires could have higher thermal conversion efficiency and SERS signals. Due to the complex process and expensive equipment requirements in our previous study by a tip engineering technology on Ag nanowires [11], a simple way to induce topographic changes in Ag nanowires is urgently needed.



Ultrasonic treatment is often used to clean and purify Ag nanowires because of the PVP adhesion to Ag nanowires during the hydrothermal synthesis process [12,13]. Generally, ultrasonic cleaning for a short time with low power will not lead to obvious deformation of Ag nanowires due to the low probability of cavitation bubbles induced by the ultrasonic treatment [14]. However, long-duration or high-power ultrasonic treatments can both lead to surface corrosion for bulk material surfaces and cause serious deformation of nanostructures at the nanoscale [15,16]. This phenomenon provided us with the inspiration for the functional modification of Ag nanowires through ultrasonic treatments.



Herein, we employ a long duration low power ultrasonic treatment to modify the morphology of Ag nanowires and apply it in flexible transparent film heaters for defogging in electric vehicles and SERS detectors. The experiment results show that most Ag nanowires (average length 40 μm, diameter 100 nm) were bent and broken into fragments (length within 20 μm) with 10 min ultrasonic treatment (0.1 W/cm2). In contrast to the original morphology of the Ag nanowires, Ag nanowires after ultrasonic treatment exhibit excellent electro-thermal properties and enhance SERS signals.




2. Experiments


Ag nanowires (average diameter 100 nm, length 40 µm) were purchased from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China) Ag nanowires were dispersed in ethanol at 1 wt %. The ethanol suspension was sonicated in an ultrasonic cleaner for 10 min at 20 kHz. Then, dried at 80 °C for 1 h.



A mixture of poly (methyl methacrylate) (PMMA) was dissolved in tetrahydrofuran (THF). The THF solution was dripped and spin-coated onto glasses at 6000 rpm for 45 s. The film was dried at 80 °C for 1 h. Then, Ag nanowire (with and without ultrasonic treatment) ethanol suspension was dripped and spin-coated onto PMMA layer and was also dried at 80 °C for 1 h.



Specific reports suggest removing PMMA from Ag NWs/PMMA/glass could provide cleaner observation of the effects of the topography changes of Ag nanowires on the electro-thermal performances. The resistivity is characterized by the four-point probe sheet resistance method. Moreover, Cu electrodes were prepared on glass to measure the whole resistance of Ag nanowires (10 μL Ag nanowires, area 1 cm2) with and without ultrasonic treatment by a multimeter.



The morphology changes of Ag nanowires through ultrasonic treatment were characterized by optical microscope (ZEISS Image M2m, Dresden, Saxony, Germany), a transmission electron microscope (TEM, JEOL JEM 2100 LaB6, Tokyo, Japan) and a field emission scanning electron microscope (SEM, Hitachi UHR FE-SEM SU8010, Tokyo, Japan). The light absorption of the Ag nanowires dispersion solution was characterized by a UV spectrophotometer (Hitachi S4800, Tokyo, Japan). Finally, the SERS signals of rhodamine 6G (Rh6G, Sinopharm Chemical Reagent Co., Ltd., Beijing, China) on Ag nanowire films were detected by Raman spectrometer (LabRAM Aramis, Paris, France).




3. Results and Discussion


It is well known that ultrasonic treatment induced cavitation bubbles have enormous concentrations of energy, which is released intensely as bubble jets with flow rate up to 1000 m/s [17,18]. Such high flow rate can lead to pressures up to a GPa on nanowires [19]. When the Ag nanowires are exposed to ultrasonic bath, high intensity ultrasonic tends to break into small pieces [20]. Despite the low probability of cavitation bubbles induced by the ultrasonic treatment with low power in our case, the long duration treatment also provides abundant opportunity for the effects to act on these Ag nanowires [21]. As reported, the optoelectronic properties of Ag nanowires are based on their size and topography [22,23,24]. As a result, these properties of Ag nanowires should be changed after long duration ultrasonic treatments.



Ag nanowire based PMMA film heaters were prepared (Ag NWs/PMMA/glass structure), as shown in Figure 1a. Ag nanowires with and without ultrasonic treatment were mixed with PMMA and were spin-coated on glass substrates. Glass substrate is very cheap, transparent, and its surface is very smooth. This makes it suitable materials for preparing PMMA/Ag nanowire layers. At the same time, it is also convenient for the subsequent temperature rise test. From the top view of these Ag nanowire based PMMA film heaters, Ag nanowires without ultrasonic treatment (Figure 1c) show a long and straight topography. In contrast to the original topography of Ag nanowires, Ag nanowires become bent and fractured after 10 min of ultrasonic treatment, as shown in Figure 1d. Moreover, significant agglomeration of Ag nanowires with ultrasonic treatment can also be observed in the heaters. The resistivity of Ag NWs/PMMA/glass in Figure 1c,d was characterized by the four-point probe sheet resistance method, as shown in Table 1. The average resistivity of the samples with ultrasonic treatment is 80.30 Ω/sq, which is clearly much higher than that without (35.39 Ω/sq). Thermocouples were fixed on the Ag NWs/PMMA/glass at three points, A (center), B (between the center and margin), and C (margin) to measure the temperature. LED sources (resistance about 90 Ω) have been incorporated into the circuit, which is used to avoid the short or open circuit in our work. When applying less than 6 volts, Ag nanowire-based heaters with 10 min ultrasonic treatment shows about a 50% increase in temperature rise compared to those without, as shown in Figure 1b. The raw data of the temperatures of Ag nanowire-based heaters with and without ultrasonic treatment are presented in Tables S1 and S2. However, slight transmittance reduction of these heaters in the visible spectrum was also observed after ultrasonic treatment, as shown in Figure 2. In order to better show the transmittance difference between them, Ag nanowire suspension (100 μL, 1 wt %) with and without ultrasonic treatment was presented in the inset image in Figure 2. As shown in this image, Ag nanowires without ultrasonic treatment show a clearer view of the characters ‘AgNWs’. Obviously, subjecting Ag nanowires to ultrasonic treatment can efficiently improve their electro-thermal conversion capability but it may lead to a slight transmittance reduction in transparent film heaters.



A verification resistivity test was carried out. As shown in Figure 3, Ag nanowires with and without ultrasonic treatment directly drops on the glass substrate (Ag NWs/glass structure). In contrast to Ag nanowires with their original topography, Ag nanowires with 10 min of ultrasonic treatment show about three times higher resistivity. The result can be ascribed to the differences in the size, topography, and arrangements between Ag nanowire films with and without ultrasonic treatment. As shown in Figure 3c and Figure S1, Ag nanowires without ultrasonic treatment shows long, uniform topography and ordered arrangement. However, Ag nanowires after ultrasonic treatment exhibit short, bending, and extensive agglomeration arrangements on glass substrate, presented in Figure 3d. Such agglomerations of Ag nanowires have also been observed in Ag nanowires based PMMA film heaters. Therefore, the electro-thermal conversion capability improvement can be mainly attributed to the changes in size, topography, and arrangement of Ag nanowires after ultrasonic treatment.



To further explain ultrasonic treatment induced changes in size, topography, and arrangement of Ag nanowires on the electro-thermal conversion capability improvement of the heaters, Ag nanowires with and without ultrasonic treatment were characterized in detail. As shown in Figure 4a, Ag nanowires without ultrasonic treatment exhibit their characteristic long and straight topography. After a 10 min ultrasonic treatment, nearly all of the Ag nanowires were bent or fractured, as shown in Figure 4b. The statistical results of the lengths of the Ag nanowires were presented in Figure 4f, with the average length of the Ag nanowires reduced from about 42 nm to 16 nm after ultrasonic treatment. The resistance of Ag NWs/PMMA/glass can be divided into two parts: resistance of Ag NWs themselves and the contact resistances between Ag NWs. Apparently, the first part is much lower than that of the later. The contact resistance greatly increased as the average length of the Ag nanowires was reduced after ultrasonic treatment, because of the significant increment of the overlapping of Ag NWs. After ultrasonic treatment, the cross-section of the Ag nanowires (diameters of 150 nm and 400 nm) was greatly reduced (Figure 4c,d) because of the necking or surface breakage at the bending area respectively. As shown in Figure 4e, serious lattice distortions and a nano-crack can also be found at this location, which leads to serious electron scattering, thereby cause a significant rise in resistance. Owing to uneven multiple overlapping of the bent and fractured Ag nanowires, the contact resistance of the Ag nanowire conductive network grows higher than that of the Ag nanowires with their original topography. Therefore, the resistance of Ag nanowire with ultrasonic treatment should be much higher than that without. Moreover, this efficiently improves the electro-thermal conversion capability in transparent film heaters.



Ag nanowire-based film heaters can be applied on the windows of the electric vehicles for defogging. As reported, the driving distance will be reduced to half or even lower than before, when the tradition hot air is turned on for defogging [25]. This problem is particularly significant for electric vehicle under low temperature. As shown in Figure 5, the Ag nanowire-based film heaters increase the temperature to about 23 °C and successfully remove the fog on it by applying 10 V. Apparently, the thermal conversion efficiency of Ag nanowires with 10 min ultrasonic treatment is higher than that without. Due to the low Joule heat generated in Ag nanowires, this device exhibits stability even after continuous use for 100 h. As a result, the Ag nanowire-based film heaters have great potential application in electric vehicles for defogging.



Ultrasonic treatment leads to serious deformation of Ag nanowires and reduces their light transmittance. However, from view of the near field optics, Ag nanowires with bending deformation or fracture into fragments can efficient excite localized plasmon [26], which can provide many hot spots for SERS signals. The localized plasmon on Ag nanowire has been performed by FDTD simulations [11]. A model Ag nanowire 100 nm in diameter and 1 μm in length was adopted. A plane wave light source (wavelength of 538 nm) was used to illuminate the Ag nanowire. A top view of the cross-section of the Ag nanowire was presented in the inset image in Figure 6. Obvious light enhancement could be clearly observed at the bending area and the ends of Ag nanowires. As shown in Figure 6, a drop of Rh6G solution with a concentration of 10−7 M generated intense Raman signals on the Ag nanowire films. The signal from Rh6G at 1187, 1272, and 1462 cm−1 was remarkably increased by ultrasonic treatment. Moreover, similar results could be obtained in other parts of our samples, as shown in Figure S2. As a result, the ultrasonic morphologic modification of Ag nanowires provides an efficient way to enhance their SERS signals, which could be applied widely in Ag nanowire-based SERS detectors.



In summary, the ultrasonic morphologic modification of Ag nanowires and their applications in transparent film heaters on the windows of the electric vehicles for defogging and increases the SERS signals. Mainly owing to the cross-section area reduction and the serious agglomerations of the ultrasonic modified Ag nanowires, the electro-thermal conversion capability is efficiently improved in transparent film heaters. Moreover, ultrasonic treatment induced serious deformation of the Ag nanowires, such as bending deformation or fracturing into fragments, thus provides more hot spots for SERS and enhancing their SERS signals. Considering the wide application of Ag nanowire-based devices, this work provides an economical technique for the functional modification of Ag nanowires.








Supplementary Materials


The following are available online https://www.mdpi.com/1996-1944/12/6/893/s1. Figure S1: Optic image of the Ag nanowire films without ultrasonic treatment; Figure S2: SERS signals of Ag nanowires before and after 10 min ultrasonic treatment in other points; Table S1: Temperatures of A (center), B (between the center and margin), and C (margin) without treatment; Table S2: Temperatures of A (center), B (between the center and margin), and C (margin) with ultrasonic treatment.





Author Contributions


Conceptualization, H.D.; Methodology, J.S.; Investigation, X.Y.; Validation, J.Z. and D.S.; Formal analysis, Z.Z. and Z.L.; Data curation, P.Z. and Z.Y.; Writing—original draft preparation, J.S.; Writing—review and editing, X.D. and J.W.




Funding


This research was funded by the Shandong Province Higher Educational Science and Technology Program (grant numbers J17KA043, J17KB076, J18KA053; Natural Science Foundation of Shandong Province, China (grant number ZR2017PEM005); Natural Science Research Project of the Guizhou Provincial Education Department, China (grant number KY2015472).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kim, T.; Kim, Y.W.; Lee, H.S.; Kim, H.; Yang, W.S.; Suh, K.S. Uniformly interconnected silver-nanowire networks for transparent film heaters. Adv. Funct. Mater. 2013, 23, 1250–1255. [Google Scholar] [CrossRef]

	



Suh, Y.D.; Jung, J.; Lee, H.; Yeo, J.; Hong, S.; Lee, P.; Ko, S.H. Nanowire reinforced nanoparticle nanocomposite for highly flexible transparent electrodes: Borrowing ideas from macrocomposites in steel-wire reinforced concrete. J. Mater. Chem. C 2017, 5, 791–798. [Google Scholar] [CrossRef]

	



Kim, H.; Lee, H.; Ha, I.; Jung, J.; Won, P.; Cho, H.; Yeo, J.; Hong, S.; Han, S.; Kwon, J.; et al. Biomimetic color changing anisotropic soft actuators with integrated metal nanowire percolation network transparent heaters for soft robotics. Adv. Funct. Mater. 2018, 28, 1801847. [Google Scholar] [CrossRef]

	



Hong, S.; Lee, H.; Lee, J.; Kwon, J.; Han, S.; Suh, Y.D.; Cho, H.; Shin, J.; Yeo, J.; Ko, S.H. Highly stretchable and transparent metal nanowire heater for wearable electronics applications. Adv. Mater. 2015, 27, 4744–4751. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.W.; Wang, J.L.; Huang, W.R.; Yu, L.; Ren, X.F.; Wen, W.C.; Yu, S.H. Ordering Ag nanowire arrays by a glass capillary: A portable, reusable and durable SERS substrate. Sci. Rep. 2012, 2, 987. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Xia, Y. Large-scale synthesis of uniform silver nanowires through a soft, self-seeding, polyol process. Adv. Mater. 2014, 11, 833–837. [Google Scholar]

	



Yang, Z.; Qian, H.; Chen, H.; Anker, J.N. One-pot hydrothermal synthesis of silver nanowires via citrate reduction. J. Colloid Interface Sci. 2010, 352, 285–291. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.; Li, Y. Cylindrical silver nanowires: Preparation, structure, and optical properties. Adv. Mater. 2005, 17, 2626–2630. [Google Scholar] [CrossRef]

	



Yang, R.; Sui, C.; Gong, J.; Qu, L. Silver nanowires prepared by modified AAO template method. Mater. Lett. 2007, 61, 900–903. [Google Scholar] [CrossRef]

	



Xu, J.; Hu, J.; Peng, C.; Liu, H.; Hu, Y. A simple approach to the synthesis of silver nanowires by hydrothermal process in the presence of gemini surfactant. J. Colloid Interface Sci. 2006, 298, 689–693. [Google Scholar] [CrossRef]

	



Dai, H.; Fu, P.; Li, Z.; Zhao, J.; Yu, X.; Sun, J.; Fang, H. Electricity mediated plasmonic tip engineering on single Ag nanowire for SERS. Opt. Express. 2018, 26, 25031–25036. [Google Scholar] [CrossRef]

	



Wang, J.; Jiu, J.; Araki, T.; Nogi, M.; Sugahara, T.; Nagao, S.; Koga, H.; He, P.; Suganuma, K. Silver nanowire electrodes: Conductivity improvement without post-treatment and application in capacitive pressure sensors. Micro Nano. Lett. 2015, 7, 51–58. [Google Scholar] [CrossRef]

	



Zhang, W.; Qiao, X.; Chen, J. Synthesis of silver nanoparticles-effects of concerned parameters in water/oil microemulsion. Mater. Sci. Eng. B 2007, 142, 1–15. [Google Scholar] [CrossRef]

	



Brenner, M.P.; Hilgenfeldt, S.; Lohse, D. Single-bubble sonoluminescence. Rev. Mod. Phys. 2002, 74, 425–484. [Google Scholar] [CrossRef][Green Version]

	



Finnie, I. Some observations on the erosion of ductile metals. Wear 1972, 19, 81–90. [Google Scholar] [CrossRef]

	



Shim, S.I.; Park, Y.S.; Kim, S.T.; Song, C.B. Effects of rare earth metal addition on the cavitation erosion-corrosion resistance of super duplex stainless steels. Met. Mater. Int. 2002, 8, 301–307. [Google Scholar] [CrossRef]

	



Chao, J.; Lee, J.H.S. The propagation mechanism of high speed turbulent deflagrations. Shock Waves 2003, 12, 277–289. [Google Scholar] [CrossRef][Green Version]

	



Huang, Z.G.; Guo, Z.N.; Chen, X.; Yue, T.M.; To, S.; Lee, W.B. Molecular dynamics simulation for ultrafine machining. Mater. Anuf. Process. 2006, 21, 393–397. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef][Green Version]

	



Park, M.; Sohn, Y.; Shin, W.G.; Lee, J.; Ko, S.H. Ultrasonication assisted production of silver nanowires with low aspect ratio and their optical properties. Ultrason. Sonochem. 2015, 22, 35–40. [Google Scholar] [CrossRef]

	



Dai, H.; Wang, T.Y.; Li, M.C. Spotlight on ultrasonic fracture behaviour of nanowires: Their size-dependent effect and prospect for controllable functional modification. RSC Adv. 2016, 6, 72080–72085. [Google Scholar] [CrossRef]

	



Schider, G.; Krenn, J.R.; Hohenau, A.; Ditlbacher, H.; Leitner, A.; Aussenegg, F.R.; Schaich, W.L.; Puscasu, I.; Monacelli, B.; Boreman, G. Plasmon dispersion relation of Au and Ag nanowires. Phys. Rev. B. 2003, 68. [Google Scholar] [CrossRef]

	



Liu, L.; Peng, P.; Hu, A.; Zou, G.; Duley, W.W.; Zhou, Y.N. Highly localized heat generation by femtosecond laser induced plasmon excitation in Ag nanowires. Appl. Phys. Lett. 2013, 102. [Google Scholar] [CrossRef]

	



Fang, Y.; Li, Z.; Huang, Y.; Zhang, S.; Nordlander, P.; Halas, N.J.; Xu, H. Branched silver nanowires as controllable plasmon routers. Nano. Lett. 2010, 10, 1950–1954. [Google Scholar] [CrossRef]

	



Sweeting, W.J.; Hutchinson, A.R.; Savage, S.D. Factors affecting electric vehicle energy consumption. Int. J. Sustain. Eng. 2011, 4, 192–201. [Google Scholar] [CrossRef]

	



Chen, M.; Phang, I.Y.; Lee, M.R.; Yang, J.K.W.; Ling, X.Y. Layer-by-layer assembly of Ag nanowires into 3D woodpile-like structures to achieve high density “hot spots” for surface-enhanced Raman scattering. Langmuir 2013, 29, 7061–7069. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples of the compounds are available from the authors.












[image: Materials 12 00893 g001 550]





Figure 1. (a) A schematic of the structure of the Ag nanowires based film heater; (b) temperature rise of the Ag nanowires based film heaters; (c,d) top-views of Ag nanowires based film heater without and with ultrasonic treatment. Partial fragments of Ag nanowires were highlighted by yellow dot square frames. 
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Figure 2. Transmittances of Ag nanowires before and after 10 min ultrasonic treatment. Inset image is the optic images of the Ag nanowire suspension before and after 10 min ultrasonic treatment. 
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Figure 3. (a,b) Resistivity test of Ag nanowire films without and with 10 min ultrasonic treatment on glass substrates, respectively; (c,d) optic images of the Ag nanowire films without and with 10 min ultrasonic treatment, respectively. The agglomerations of Ag nanowires are marked by yellow dashed circles. 
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Figure 4. (a) Original morphology of Ag nanowires; (b) Ag nanowires after 10 min ultrasonic treatment; (c,d) bending deformation of Ag nanowire with different diameters; (e) TEM and selected area electron diffraction (SAED) on the bent area of Ag nanowire; (f) statistical results of the length of Ag nanowires before and after 10 min ultrasonic treatment. 
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Figure 5. Temperature increase curves of Ag nanowire-based film heaters; inset images are the optical photograph of the defogging process on the Ag nanowires based film heater. 
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Figure 6. SERS signals of Ag nanowires before and after 10 min ultrasonic treatment. 
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Table 1. Resistivity of Ag NWs/PMMA/glass in Figure 1c,d without and with ultrasonic treatment, respectively.






Table 1. Resistivity of Ag NWs/PMMA/glass in Figure 1c,d without and with ultrasonic treatment, respectively.





	

	
Resistivity (Ω/sq)

	
Avg.






	
Without

	
30.63

	
41.58

	
34.51

	
33.98

	
31.85

	
39.91

	
32.24

	
39.98

	
36.95

	
32.25

	
35.39




	
With

	
61.32

	
57.78

	
136.23

	
68.44

	
63.07

	
60.53

	
78.78

	
73.66

	
148.76

	
54.38

	
80.30
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