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Abstract

:

Silver nanowire (AgNW) networks with high transparency and conductivity are crucial to developing transparent conductive films (TCFs) for flexible optoelectronic devices. However, AgNW-based TCFs still suffer from the high contact resistance of AgNW junctions with both the in-plane and out-of-plane charge transport barrier. Herein, we report a rapid and green electrochemical redox strategy to in-situ weld AgNW networks for the enhanced conductivity and mechanical durability of TCFs with constant transparency. The welded TCFs show a marked decrease of the sheet resistance (reduced to 45.5% of initial values on average) with high transmittance of 97.02% at 550 nm (deducting the background of substrates). The electrochemical welding treatment enables the removal of the residual polyvinylpyrrolidone layer and the in-situ formation of Ag solder in the oxidation and reduction processes, respectively. Furthermore, local conductivity studies confirm the improvement of both the in-plane and the out-of-plane charge transport by conductive atomic force microscopy. This proposed electrochemical redox method provides new insights on the welding of AgNW-based TCFs with high transparency and low resistance for the development of next-generation flexible optoelectronic devices. Furthermore, such conductive films based on the interconnected AgNW networks can be acted as an ideal supporter to construct heterogeneous structures with other functional materials for wide applications in photocatalysis and electrocatalysis.
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1. Introduction


With the expanding demand in the field of transparent and flexible electronics, transparent conductive films (TCFs) have attracted enormous attention as one of the most indispensable components in many advanced flexible optoelectronic devices [1,2,3,4,5,6,7]. Indium tin oxide (ITO), the most commonly used transparent conductive material, struggles to meet the requirements of next-generation TCFs due to its brittle properties and its expensive cost due to the scarcity of indium [8,9,10]. Therefore, great efforts have been devoted to developing various nanomaterials, such as graphene, carbon nanotubes, metal nanowires and conductive polymers, for replacing the conventional ITO [11,12,13,14,15,16,17]. Among them, silver nanowires (AgNWs) have been considered one of the most promising candidates owing to their high optical transparency, low sheet resistance and excellent mechanical flexibility [16]. Nowadays, due to their high flexibility and optoelectronic features, AgNWs have been widely used for applications in touch-screen displays [18,19], flexible fuel cells [20,21,22], stretchable energy devices [23,24,25], transparent sensors [26,27], and air filters [28,29].



Currently, the fabrication of TCFs based on AgNWs contains two primary solution-based synthesis and coating processes: (1) the synthesis of uniform AgNWs using the polyol-reduction method in the presence of polyvinylpyrrolidone (PVP) [30,31,32,33]; (2) the fixation of pre-synthesized AgNWs on a flexible and transparent substrate by multiple coating techniques such as spin-/dip-/bar-coating and spraying [34]. The above solution-based processes are facile, low-cost and easy-to-operate; however, AgNW-based TCFs (AgNW-TCFs) still suffer from many issues to meet commercial applications. One of the main issues is the high contact resistance of AgNW junctions, where both the in-plane and out-of-plane charge transport barrier is formed due to the nanoscale gap between nanowires with weak bonding and the insulating layer of the residual PVP on the surface of AgNWs [35,36,37]. Several post-treatment strategies have been proposed to weld the junctions of AgNW networks by applying heat [38,39], pressure [40,41], intense pulsed light (IPL) [42,43,44,45], laser [46,47,48], electricity [49], capillary force [50,51], composite method [52,53,54], and chemical reactions [55,56,57], enabling the removal of the insulating PVP layer, the formation of additional solder at the junctions, and the improved contact between nanowires.



For example, heat-induced welding, mechanical welding, and light-induced welding have been reported and carried out to markedly reduce the high junction resistance. However, flexible polymer substrates with a low glass transition temperature and plastic character may be damaged under the thermal annealing and mechanical stress processes, respectively. Light-induced plasmonic welding depends on high optical power density, which limits the large-scale fabrication of TCFs for commercial application. These strategies are mainly to achieve the welding of AgNW networks through physical processes. In addition to the physical welding, the chemical reduction welding, based on a solution-based process by applying additional additives in joints to weld the AgNWs, is also an effective method to improve the conductivity of networks [55,56,57,58,59]. Especially, homogeneous Ag chemically/electrochemically reduced from Ag+ is an ideal soldering material to weld adjacent nanowires [60,61]. The Ag solder can be deposited on the surface of AgNW networks by an electroplating technique, which is widely applied in the industrial roll-to-roll process with an applied potential and an electrolyte containing Ag+. However, most studies have focused on improving the in-plane or out-of-plane charge transport solely through these welding methods. Consider both the in-plane and out-of-plane charge transport not only can effectively reduce the sheet resistance but also can improve the current collection efficiency of TCFs-based devices [36].



Therefore, the simultaneous removal of the PVP layer and solder formation is an effective way to achieve the improvement of the in-plane and out-of-plane charge transport. Herein, we demonstrate an in-situ welding strategy to improve the charge transport of AgNW-TCFs without the influence of their transmittance by the electrochemical redox reactions. The as-prepared TCFs, composed of cross-aligned AgNWs coated on a polyethyleneterephthalate (PET) substrate, are selected to be conducted the electrochemical redox welding investigation under a three-electrode system in a neutral electrolyte containing NaClO4 and NaCl (Scheme 1). The electrochemical welding treatment includes oxidation and reduction steps to remove the residual PVP layer and form AgCl as the solder precursor, as well as to in-situ generate the Ag solder from AgCl, respectively. The welded TCFs with a constant transmittance show a significant decrease in resistance, which is attributed to the improved in-plane and out-of-plane charge transport properties of AgNW networks.




2. Materials and Methods


2.1. Materials


AgNO3 (AR), CuCl2 (AR), PVP (K-30, 55,000) and PVP (K-90, 360,000) were purchased from Sigma-Aldrich. ε-PLL (AR) was donated from Aladdin Reagent Co. Ltd. (Shanghai, China) NaCl (AR), NaClO4 (AR), ethylene glycol (AR) and ethanol (AR) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) Polyethylene terephthalate (PET, 125 μm) were purchased from Kangdexin Composite Materials Group (Suzhou, China). All materials were used as received without further purification. Ultrapure water (18.2 MΩ·cm) was produced using an ultrapure water system (GWB-1).




2.2. Synthesis of AgNWs


AgNWs were synthesized by a polyol reduction method as in previous reports [30,31]. In this method, PVP, AgNO3, CuCl2 and ethylene glycol were introduced as the structure-directing and stabilizing agent, the silver source, the heterogeneous nucleation site and the solvent and reducing agent, respectively. Typically, 115 mL ethylene glycol, 0.421 g PVP (K30) and 0.406 g PVP (K90) were added into a three-neck flask, which was placed in a heating jacket with the temperature set to 140 °C. Meanwhile, 0.825 mmol L−1 CuCl2 and 45 mmol L−1 AgNO3 ethylene glycol solutions were prepared, followed by dropwise adding 3.2 mL CuCl2 solution and 20 mL AgNO3 solution when the temperature reached 140 °C. Thereafter, the reaction lasted for 50 min and then the flask was removed to a water bath until the solution completely cooled to room temperature. Finally, a centrifugal purification method was employed to remove the impurities such as organic matter, silver nanoparticles and short rods. The purified AgNWs were dispersed in ethanol to obtain AgNW ink for further use.




2.3. Fabrication of AgNW-TCFs


PET was cut into 10 cm × 10 cm and then exposed to ultraviolet ozone for 30 min. The as-prepared AgNW ink was diluted to 3.5 mg mL−1, and ε-PLL was dissolved in ultrapure water and then configure to a concentration of 0.1%. In order to obtain the orthogonal network, AgNW films were fabricated firstly by spin coating the ε-PLL solution (40 μL) on a clean PET substrate, followed by bar-coating the AgNW ink (300 μL) in an automatic film applicator, with the speed of 50 mm s−1. After that, orthogonal AgNW-TCFs were obtained by rotating the films 90° and repeating the bar-coating step [62].




2.4. Electrochemical Welding of AgNW-TCFs


The electrolyte was prepared by mixing NaClO4 (0.5 mol L−1) and NaCl (0.1 mol L−1) to obtain homogeneous solutions. For all electrochemical reactions, a platinum wire and an Ag/AgCl electrode were used as the counter electrode and the reference electrode, respectively. The AgNW-TCFs as the working electrode were oxidized at 0.3 V (vs. Ag/AgCl) and then reduced at −0.15 V (vs. Ag/AgCl) in an N2-saturated 150 mL electrolyte for 50 s and 100 s, respectively. Finally, the welded AgNW-TCFs were removed immediately after reaction, followed by rinsing in ultrapure water and drying in N2 flow.




2.5. Conductive Atomic Force Microscopy Studies


2.5.1. Topographical Imaging


A nanoIR2 AFM-IR instrument equipped with the contact mode NIR2 probe (Anasys Instruments, Inc., Santa Barbara, CA, USA) was used to obtain the atomic force microscopy (AFM) topographical images of AgNW-TCFs, AgNW-TCFs-Ox and AgNW-TCFs-Re. The scan rate was set at 0.5 Hz, the scan range was selected as 1 μm × 1 μm, and the x and y resolution are both 300 points. The AFM topographical images of AgNW-TCFs were collected and analyzed by the Analysis Studio software (Version 3.15, Anasys Instrument Inc.)




2.5.2. Nanoscale Electrical Analysis


The localized electrical analysis of AgNW-TCFs was carried out using the nanoIR2 AFM-IR instrument to operate in a conduction mode. A conductive AFM probe (PR-EX-CAFM-5) (Anasys Instruments Inc., USA) was adopted for data collection. The topography and conductivity of the sample can be obtained simultaneously by one scan at a bias voltage of 0.052 V. Pointwise spectroscopy can be obtained by sweeping and measuring corresponding current in a bias range.





2.6. Characterization


The morphology of samples was characterized by scanning electron microscopy (SEM, Nova Nano 450). The alignment of silver nanowires arrays was examined by optical microscope (OM, Zeiss). The morphology and lattice constant of silver nanowires were observed by transmission electron microscopy (TEM, Talos S-FEG). The phase analysis was determined by X-ray diffraction (XRD, DX-27mini). The binding energy of elements was characterized by X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD). The sheet resistance of AgNW-TCFs were measured by four-point probes resistivity measurement system (RTS-9). Optical transmittance spectra of AgNW-TCFs were measured by using UV−vis−NIR spectrophotometer (Lambda 750). Cyclic voltammetry (CV), linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS) and chronoamperometry curves were recorded on a CHI660E electrochemical workstation. LSV were carried out with a scan rate of 10 mV s−1. EIS curves were obtained at a bias of 0.15 V (vs. Ag/AgCl) in the frequency range of 100 kHz to 0.01 Hz. Current-voltage responses for AgNW-TCFs were monitored by an interconnected system of a digital source-meter (Keithley 2450) with an input voltage of 0.1 V and a real time tensile testing machine (Instron 5966).





3. Results and Discussion


3.1. Characterization and Electrochemical Analysis of AgNWs


The conventional polyol reduction method was employed to prepare AgNWs with diameters of 99 ± 19 nm and lengths of 35 ± 10 μm, which were determined by the scanning electron microscopy (SEM) and optical microscopy images, respectively (Figure S1). The FoM (Figure-of-merit) of AgNW-TCFs is 227, and the haze is 3.2% [63]. The electrochemical behavior of AgNWs was carefully studied using a three-electrode system with the as-prepared AgNW ink supported on a glass carbon electrode (GCE) as a working electrode. Figure 1a shows cyclic voltammetry (CV) profiles of AgNWs using a scan window from −1 to 1 V versus (vs.) an Ag/AgCl reference electrode at a scan rate of 100 mV s−1 in a N2-saturated 0.5 M NaClO4 aqueous solution with and without NaCl. A couple of redox peaks can be observed at 0.55 V and 0.34 V (vs. Ag/AgCl) in the NaClO4 electrolyte without NaCl during the positive and reverse potential sweeps, which are attributed to the electrochemical oxidation of Ag to form Ag+ ions and the subsequent reduction of Ag+, respectively [64]. Note that the area of the reduction peak is much lower than that of the oxidation peak, and the redox peaks sharply decrease until disappear after multiple CV scanning (Figure S2a). This phenomenon can be explained by the diffusion of Ag+ ions into the solution, while only a small amount of Ag+ around the electrode (in the compact layer) can be reduced to Ag until AgNWs on the GCE are completely consumed. In the presence of NaCl, the oxidation and reduction peaks of AgNWs negatively shifted to 0.2 and −0.04 V (vs. Ag/AgCl), respectively (Figure 1a) [65]. Meanwhile, the redox peaks with similar area remain stable after multiple CV scanning (Figure S2b), suggesting that partial Ag on the surface of AgNWs can be reversibly oxidized and reduced owing to the formation of AgCl.



Figure 1b shows liner sweep voltammetry (LSV) curves of AgNWs in the absence and presence of Cl− with a scan rate of 10 mV s−1. Without the addition of NaCl, the anodic current density is contributed by the oxidation of AgNWs to form Ag+ at 0.6 V (vs. Ag/AgCl) and the oxygen evolution reaction (OER) at 1.42 V (vs. Ag/AgCl), while the cathodic current density is only contributed by the hydrogen evolution reaction (HER) at −1.29 V (vs. Ag/AgCl) [66]. In contrast, a pronounced peak located at −0.16 V (vs. Ag/AgCl) is attributed to the reduction of AgCl in the cathodic current after adding NaCl. The schematic diagrams in Figure 1c show the oxidation processes on the working electrode in the electrolyte with and without NaCl as well as the reduction process in the electrolyte with NaCl.



To further understand the electrochemical conversion of AgNWs, we conducted SEM, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) measurements for investigating the morphology, crystal structure and valence state of pristine, oxidated and reduced AgNWs, respectively (Figure 2a–c, Figures S3 and S4). AgNW ink was first loaded on a carbon paper substrate (AgNWs/CP) by a drop-casting method. The AgNWs/CP samples were oxidated at 0.3 V (vs. Ag/AgCl) and then reduced at −0.15 V (vs. Ag/AgCl) in a 0.5 M NaClO4 electrolyte containing 0.1 M NaCl. The nanoscale solder can be observed on the surface of AgNWs especially at junctions in SEM images (Figure S3). Figure 2a shows the XRD patterns of all samples and the standard patterns of Ag ang AgCl. For the pristine AgNWs/CP, the peaks located at 38.2°, 44.2°, 64.4°, and 77.5° are assigned to the (111), (200), (220) and (311) planes of the Ag phase. After electrochemical oxidation, the XRD pattern of AgNWs/CP-Ox shows a characteristic peak at 32.5° attributed to the formation of AgCl (Figure 2b). The peak disappears in the XRD pattern of AgNWs/CP-Re, indicating that the formed AgCl can be completely converted into Ag after electrochemical reduction. In addition, the high-resolution XPS spectra of all samples show two typical peaks at 368.5 and 374.5 eV (Figure 2c), which are assigned at Ag 3d5/2 and 3d3/2, respectively. Meanwhile, the additional peaks at 367.8 and 373.9 eV in the spectrum of AgNWs/CP-Ox imply the presence of Ag+. Furthermore, the slight shift of the binding energy of Ag3d5/2 and 3d3/2 may be attributed to the removal of residual PVP during the electrochemical oxidation process [36].



For transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) studies, AgNWs were loaded on a gold grid to in situ electrochemically oxidate and reduce under the same welding conditions. TEM images show that a pristine AgNW is coated by a clear PVP layer with the thickness of ~4 nm (Figure S5a), which disappeared after the electrochemical oxidation process. As shown in Figure S5b and Figure 2d, the formation of nanolayer and nanoparticles on the surface of AgNWs can be observed in TEM images. The HRTEM image of a nanoparticle highlighted by red cycle in Figure 2d shows the existence of the lattice fringes, in which is in agreement with the (200) interplanar spacing of AgCl (Figure 2e). After being further electrochemical reduced, AgNWs are welded by the formation of Ag solder confirmed by TEM and HRTEM images (Figure 2f,g), in which the lattice spacing is ~0.235 nm assigned to the (111) interplanar spacing of Ag.



The above results suggest that the reversible electrochemical conversion of Ag can achieve the removal of the PVP layer on the surface of AgNWs and the formation of the nanoscale Ag solders at junctions of AgNWs. Therefore, it is expected to weld AgNW-TCFs with the improved in-plane and out-of-plane charge transport properties by using such in situ electrochemical redox process.




3.2. Fabrication of Cross-Aligned AgNW Network Films


The conventional polyol reduction method was employed to prepare AgNWs with diameters of ~99 nm and lengths of ~35 μm, which were determined by the scanning electron microscopy (SEM) and optical microscopy images, respectively (Figure S1). The electrochemical behavior of AgNWs was carefully studied using a three-electrode system with the as-prepared AgNW ink supported on a glass carbon electrode (GCE) as a working electrode. Figure 1a shows cyclic voltammetry (CV) profiles of AgNWs using a scan window from −1 to 1 V versus (vs.) an Ag/AgCl reference electrode at a scan rate of 100 mV s−1 in a N2-saturated 0.5 M NaClO4 aqueous solution with and without NaCl. A couple of redox peaks can be observed at 0.55 V and 0.34 V (vs. Ag/AgCl) in the NaClO4 electrolyte without NaCl during the positive and reverse potential sweeps, which are attributed to the electrochemical oxidation.




3.3. Electrochemical Redox Welding Process


As shown in Figure 3a, the CV profile of AgNW-TCFs shows a couple of typical redox peaks, which is consistent with that of AgNWs on GCE. In a typical electrochemical welding process, the pristine AgNW-TCFs were oxidized at 0.3 V (vs. Ag/AgCl) for 50 s to obtain the intermediate AgNW-TCFs-Ox and were subsequently reduced at −0.15 V (vs. Ag/AgCl) for 100 s to achieve the welded AgNW-TCFs-Re. The change of current density was contributed by the redox reactions of Ag in the chronoamperometry curves (Figure S8), indicating the rapid electrochemical processes and different amounts of AgCl formed at different oxidation potentials. Noted that the oxidation potential at 0.3 V (vs. Ag/AgCl) was optimized based on the morphology evolution of AgNWs (Figures S9–S11). There could be a galvanic replacement to destroy the AgNWs under a high reaction potential (>0.5 V), as shown in Figure S11. However, when the potential in an appropriate reaction potential (0.3 V), AgCl nanoparticles are uniformly attached to the surface of AgNWs without damaging the overall structure of AgNWs (Figure S10). Electrochemical impedance spectroscopy (EIS) measurements were carried out to reveal the out-of-plane charge transfer behavior of AgNW-TCFs, AgNW-TCFs-Ox and AgNW-TCFs-Re. Figure 3b shows Nyquist plots with semicircles for AgNW-TCFs and AgNW-TCFs-Re as well as with a Warburg line for AgNW-TCFs-Ox. The smaller diameter of the semicircle for AgNW-TCFs-Re relative to AgNW-TCFs suggests a great improvement in the out-of-plane charge transfer after electrochemical redox treatment [36]. This is attributed to the removal of the PVP layer and the welded junctions between AgNWs.




3.4. Optical and Morphological Analysis


The optical properties of AgNW-TCFs, AgNW-TCFs-Ox, and AgNW-TCFs-Re were further investigated and their transmittances were estimated to be around 97.02% at 550 nm deducting the background of PET substrates (Figure 3c and Figure S12). The FoM (Figure-of-merit) and the haze of AgNW-TCFs is 227 and 3.2%, respectively [66]. The negligible effect on optical transmittance manifests such electrochemical redox welding treatment is a mild process without affecting the overall structure of AgNW-TCFs, which is further confirmed by SEM and atomic force microscopy (AFM) images. Figure 3d–i show the morphology evolution of AgNWs during the electrochemical redox welding process, showing a slight charge on the surface of AgNWs. During the welding process, Ag atoms on the surface of AgNWs are oxidized to form an AgCl nanolayer and nanoparticles that enlarge the contact surface between nanowires under the positive current, whereafter AgCl can be reduced to in situ form nanoscale Ag solders and weld the nanowires under the negative current.




3.5. Sheet Resistance Analysis


To prove the improvement of the electrical conductivity of AgNW-TCFs-Re after welding, the sheet resistance of AgNW-TCFs, AgNW-TCFs-Ox, and AgNW-TCFs-Re were evaluated by a four-point probe resistivity measurement system. The sheet resistance data of representative samples is listed in Table S1, and the comparison of normalized sheet resistance for AgNW-TCFs before and after welding is shown in Figure 3c and Figure S13. Compared with the pristine AgNW-TCFs, AgNW-TCFs-Ox exhibits reduced sheet resistance after the electrochemical oxidation treatment. This phenomenon is attributed to the removal of the PVP layer and the improvement of in-plane charge transport properties of AgNW networks, which is in agreement with the results of TEM and XPS, as well as being further confirmed by following local conductivity studies. The further-reduced sheet resistance of AgNW-TCFs-Re indicates the AgNW networks welded by the formed Ag solders during the reduction process and the further improvement of in-plane charge transport properties of the AgNW networks. The statistical results show that the sheet resistance of AgNW-TCFs-Re can be reduced by 45.5% on average after the electrochemical welding process. The sheet resistance of AgNW-TCFs-Re is 53.99 ± 8.13 Ω/sq (Figure S13), and the nonuniformity factor (NUF) is 13.47% [67].




3.6. Local Conductivity Analysis


To further explore the effect of microstructure on the conductivity of macroscopic materials, the conductive AFM (CAFM) technique was employed to evaluate local conductivity of different samples during welding. CAFM is an effective method to map local current distribution with sensitivity up to picoamperes, and obtain local current–voltage (I-V) curves at a single point or even a series of points on a map [68,69]. Hence, it is suitable for comparing the local electrical properties of not only composite structures with different electrical conductivity in a single map but also materials in different maps with the same setting parameters.



The CAFM deflection images of two AgNWs crossing each other in pristine AgNW-TCFs, intermediate AgNW-TCFs-Ox and welded AgNW-TCFs-Re are shown in Figure 4a, Figure 4b and Figure 4c, respectively. The results are consistent with those obtained from the SEM and AFM images. Noted that the surface of welded AgNWs is prone to scratching on contact with the probe under the same bias voltage (0.052 V) and scan rate (0.5 Hz), which may be due to the tolerance of soft and rough surfaces decreases under the same current densities and friction after electrochemical welding. This phenomenon also evidences that Ag is reduced from AgCl adhered to the surface of AgNWs, which is just the cornerstone of electrochemical welding. Figure 4d–f shows the corresponding local CAFM current distribution mapping, in which AgNW-TCFs-Ox and AgNW-TCFs-Re exhibit the similar excellent local electrical conductivity but pristine AgNW-TCFs shows a weak current mapping, which is attributed to the presence of the PVP layer blocking the current transport. This is direct evidence to show the removal of the insulating PVP layer and the improvement of the out-of-plane charge transport properties after the electrochemical oxidation treatment. Furthermore, the CAFM I-V measurements were quantitatively confirmed, meaning that the electrochemical oxidation and reduction process are both beneficial to improve the local conductivity of AgNWs. Five data points in a CAFM deflection image were selected to analyze electrical properties of single site in each sample. The linearity curves of sweep output in CAFM I-V measurements are plotted in Figure 4g–i, and the slopes of the corresponding I–V curves are calculated in Table S2. The local conductivity of each material is the same at different selected points, indicating that the conductivity of a material is consistent in different microstructure. The average local conductivity of AgNW-TCFs, AgNW-TCFs-Ox and AgNW-TCFs-Re is estimated to be 638, 677, 837 μA V−1, respectively. This indicates the improvement of the in-plane charge transport properties, which is consistent with the results of sheet resistance measurements. Overall, the local CAFM studies clearly confirm the improvement of both the in-plane and the out-of-plane charge transport after the electrochemical redox welding processes.




3.7. Mechanical Flexibility Stability Studies


Flexibility and stretchability are the most important factors to evaluate the mechanical stability of AgNW-TCFs [70,71,72,73,74,75]. For elastic substrate, AgNW-TCFs would be stretched to test the change of sheet resistance. For non-elastic substrate, AgNW-TCFs would be bended to evaluate the variation of sheet resistance. To further demonstrate the advantages of welded AgNW networks for practical applications, we evaluated the mechanical flexibility of the pristine and welded AgNW-TCFs by bending test. The film samples with a long strip-like shape were bent and recovered in a strain range of 0–50%, and showed an apparent resistance fluctuation recorded by interconnecting a mechanical stretching system with a supply control system. As shown in Figure 5a, the electrical resistance of AgNW-TCFs after bending reaches ~34.5 Ω from the original resistance of ~33.5 Ω. The increased resistance is due to the reduced conductive paths in the AgNW networks, affecting the electron transport and thus increasing resistance. After recovering, a slight increase in resistance is due to the presence of unrecovered paths. It is expected that the welded AgNW networks can resist the movement of nanowires during the bending process. Figure 5b shows the relative resistance variation for the pristine and welded AgNW-TCFs during 500 cycles at 50% strain. The curve of pristine AgNW-TCFs exhibits a rapid increase of relative resistance. In contrast, the curve of welded AgNW-TCFs slowly rises and a plateau emerges after 280 cycles. The relative resistance of welded AgNW-TCFs increases 1.8-fold after bending tests, which is far lower than that of pristine AgNW-TCFs (more than 4.9-fold). The time-dependent resistance studies confirm the small variation of welded AgNW-TCFs in each bending cycle (Figures S14 and S15). Therefore, the above results indicate the excellent mechanical bending stability of AgNW-TCFs after the electrochemical redox welding treatment.





4. Conclusions


In summary, we developed a rapid and green electrochemical redox strategy for welding AgNW network films in a neutral electrolyte containing NaCl. After the electrochemical redox welding, the AgNW-TCFs retain a constant transmittance of 97.02% at 550 nm (deducting the background of PET substrates) and show a marked decrease of sheet resistance (reduced to 45.5% of initial values on average). Morphological and structural characterization confirms the removal of the residual PVP layer in the electrochemical oxidation process and the formation of Ag nanoscale solder at junctions in the electrochemical reduction process. Meanwhile, local conductivity measurements and electrochemical charge transfer studies further reveal the local and whole enhancement of the in-plane and out-of-plane charge transport properties. Furthermore, the mechanical flexibility investigation shows that the change of sheet resistance of as-welded AgNW-TCFs is marked lower than that of pristine AgNW-TCFs after a 500-cycle bending test, confirming the successful welding of AgNW networks in such a facile, green and fast electrochemical redox manner. Consequently, the electrochemical redox welding strategy proposed here, aimed to fabricate AgNW-based conductive films with high transparency and low resistance, would benefit for the development of next-generation TCFs for future flexible optoelectronic devices. Furthermore, such conductive films based on the interconnected AgNW networks can act as an ideal supporter to construct heterogeneous structures with other functional materials for wide applications in photocatalysis and electrocatalysis.
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Scheme 1. Schematic illustration of the electrochemical redox welding of AgNW-TCFs. (a) AgNW-TCFs; (b) electrochemical oxidation of AgNW-TCFs to remove the PVP layer and form AgCl on the surface of AgNWs. (c) Electrochemical reduction of AgCl to obtain the welded AgNW-TCFs. 
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Figure 1. (a,b) CV (a) and LSV (b) curves of AgNWs on GCE in a N2−saturated 0.5 M NaClO4 electrolyte with and without NaCl. (c) Schematic diagram of different reactions on the working electrode in the electrochemical redox processes. 
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Figure 2. (a–c) XRD patterns (a,b) and XPS spectra (c) of Ag 3d for AgNWs/CP, AgNWs/CP-Ox and AgNWs/CP-Re. (d–g) TEM and HRTEM images of AgNWs after electrochemical oxidation (d,e) and reduction (f,g). 
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Figure 3. (a) CV curve of AgNW−TCFs in a N2−saturated 0.5 M NaClO4 electrolyte containing 0.1 M NaCl; (b) EIS spectra of AgNW−TCFs, AgNW−TCFs−Ox, and AgNW−TCFs−Re; (c) comparison of the sheet resistance and transmittance for AgNW−TCFs, AgNW−TCFs−Ox, and AgNW−TCFs−Re; (d–i) SEM and AFM images for AgNW−TCFs (d,g), AgNW−TCFs−Ox (e,h), and AgNW−TCFs−Re (f,i). 
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Figure 4. The deflection images (a–c); the corresponding local current distribution (d–f) and the pointwise CAFM I–V curves (g–i) of top surface of AgNW−TCFs (a,d,g), AgNW−TCFs−Ox (b,e,h) and AgNW−TCFs−Re (c,f,i) using CAFM probe (PR–EX–CAFM–5) with a platinum/iridium (Pt/Ir) tip (diameter: 25 nm ± 5 nm). 
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Figure 5. (a) In situ resistance change of a pristine AgNW-TCF and the insets show the photographs of AgNW-TCFs during the bending process at 50% strain; (b) plots of relative resistance variation of the pristine and welded AgNW-TCFs under 500 bending cycles. 
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