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Abstract

:

Some experimental results regarding the direct electrodeposition of tin-reduced graphene oxide composite (Sn-rGO) compared to the electrodeposition of tin metal (Sn) from a deep eutectic solvent (DES), namely using choline chloride-ethylene glycol eutectic mixtures, are presented. Raman spectroscopy demonstrated that GO is also reduced during the tin electrodeposition. Scanning electron microscopy (SEM) confirmed the presence of incorporated graphene related material in the composite film. X-ray diffraction patterns showed that the presence of rGO in the deposit diminished preferred orientation of Sn growth along the planes (101), (211), (301), and (112). The analysis of current-time transients involving Scharifker & Hills model has shown that Sn-rGO composite deposition process corresponds to a nucleation and tridimensional growth controlled by diffusion, with nucleation evolving from progressive to instantaneous upon increasing the overpotential. Diffusion coefficients at 25 °C of 9.4 × 10−7 cm2 s−1 for Sn(II) species in the absence and of 14.1 × 10−7 cm2 s−1 in the presence of GO, were determined. The corrosion performance has been assessed through the analysis of the recorded potentiodynamic polarization curves and of the electrochemical impedance spectra during continuous immersion in aerated 0.5 M NaCl aqueous solution at 25 °C for 144 h. A slight improvement of the corrosion performance in the case of the Sn-rGO composite coatings was noticed, as compared to pure Sn ones. Furthermore, the solderability performance has been evaluated. The solder joints showed a proper adhesion to the substrate with no fractures, and wetting angles around 44° have been determined, suggesting adequate solderability characteristics.
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1. Introduction


Graphene-based materials attracted in recent years a tremendous amount of interest due to their unique thermal, mechanical, and electrical properties [1,2,3], which make them suitable to be used as fillers in the electrochemically prepared composite coatings [4,5].



Generally, it is largely accepted that electrodeposition procedure represents a lower cost route, meanwhile allowing the fabrication of various protective and functional coatings under relatively high deposition rates and microstructure control. A large range of metal and alloy composite coatings incorporating various graphene related materials could be produced, having applications in various areas including industrial and medical processes, sensors, energy and electronics [4,5,6,7].



As graphene (Gr) shows a poor dispersibility in aqueous solutions because of its hydrophobicity [5,8], the use of hydrophilic graphene oxide (GO) appeared to be preferable in order to provide uniform dispersions in the electrolytes. Since GO is an electrical insulator [9], a deoxygenation treatment of GO is required to restore the π-network, which in turn recovers the electrical conductivity of the resulting graphene materials [10]. Various routes for GO reduction are possible, based on chemical [11,12], photocatalytic [13,14], thermal [15,16], and electrochemical processes [17,18,19,20]. The electrochemical reduction of GO can be carried out via one-step and two-step approaches. In the one-step electrochemical approach, the GO sheets are directly electroreduced from an aqueous colloidal suspension to produce thin films on an electrode surface [17]. A phosphate buffer solution can be used both as a supporting and buffer aqueous electrolyte in this process [18]. Other electrolytes based on NaCl [19] and Na2SO4 [20] solutions have also been reported as disperse media for GO colloidal suspensions during the electrochemical reduction process.



The two-step electrochemical reduction firstly requires a pre-deposition of GO onto the electrode substrate prior to GO electroreduction.



Due to the stable dispersion in water of GO, the one-step co-electrodeposition of graphene oxide with metals was usually developed to prepare metal/graphene composites, as one of the most suitable strategies [4,5,6].



The metal/graphene composite films have been previously prepared from aqueous electrolytes containing anionic noble metal complexes, such as [AuCl4]−, [PtCl6]2−, [PdCl4]2− [21,22,23]. Hilder et al. [24] have reported, for the first time, a new method for the synthesis of Zn/graphene nanocomposite film by one-step co-electrodeposition technique using cationic precursors, such as Zn2+ ions. Subsequently, the preparation from aqueous electrolytes with cationic precursors of other metal/graphene composites with Ni [25], Cu [26], Co [27] or Sn [28,29] has been reported.



The development of electrodeposited Sn-GO composite coatings has shown promising electrochemical performance related to various industrial applications, such as corrosion protection, electronics fabrication or anode material for lithium-ion batteries [28,30]. In addition, the incorporation of graphene-related materials into Sn and Sn alloys acting as lead-free solders (i.e., SnAgCu, SnBi, SnZn and SnIn) facilitated an improvement of their wetting property, but an insignificant change in their melting point [31,32,33,34]. Table 1 briefly presents the main results from previous reports regarding the electrodeposition of Sn and Sn alloy composites with graphene related materials involving aqueous electrolytes.



While the reinforcement of metal and alloy coatings with graphene derivatives may provide enhanced characteristics mainly from mechanical, tribological, and corrosion protection viewpoints, their low dispersibility due to strong van der Waals interactions that cause agglomerates, represents a critical point. Currently, composite coatings with homogeneous Gr, GO, or rGO distribution can be obtained involving various surfactants or dispersing agents and functionalization techniques [4,29,37,38].



In the past decades, ionic liquids (ILs) appeared to be suitable dispersants for various carbon-based nanomaterials, including multiwall carbon nanotubes (MWCNTs) and graphene-related materials [39,40]. In addition, the wider potential window reduces the possibility of any side reactions occurring that can affect the metal deposition onto the substrate, such as hydrogen evolution. However, the usage of ILs is hindered by their high cost and sensitivity to the presence of water. The so-called Deep Eutectic Solvents (DESs), consisting of mixtures of a quaternary ammonium salt with hydrogen bond donors such as amides, carboxylic acids or alcohols, represent a strong potential substitute to common ILs. They are now widely acknowledged as a new class of ionic liquid analogues as they share many characteristics and properties with conventional ILs. DESs, proven to be cheap and easy to make, are potentially recyclable and biodegradable so they may represent a more environmentally friendly alternative for a wide range of electrochemical processes, including metals and alloys electrodeposition [41,42]. Moreover, in recent years it has been shown that DESs provide stable GO or rGO dispersions [43,44], so that they can be considered suitable electrolytic media to electrodeposit metal-graphene derivatives (Gr, GO, rGO) composite coatings.



The electrodeposition of Sn and Sn alloys attracted an increased interest as they are involved in a large range of industrial applications including light engineering and electronics. Furthermore, due to the health and environmental concerns, especially in electronic industry, though in the automotive or decorative plating ones as well, these coating types could represent ecological alternatives to replace lead-based solders or Ni-Cr decorative coatings [45,46]. In addition, Sn based layers represent a promising anode material for lithium-ion batteries [47].



Sn and Sn alloy coatings could be electrochemically obtained using various DESs consisting in binary mixtures of choline chloride (ChCl) with urea, ethylene glycol, malonic acid, or propylene glycol [46,47,48,49]. While hydrated SnCl2 has been involved as precursor to Sn2+ ions in most of the reported investigations, Vieira et al. [50] used the corresponding tetrabutylammonium chlorometalate salt ([NnBu4][SnCl3]). The analysis of the chronoamperometric behavior has shown that the electrodeposition of Sn on glassy carbon electrode proceeded through 3D-progressive nucleation at low overpotentials and changed to instantaneous nucleation at higher overpotentials.



A significant research effort has been devoted to the development of lead-free solder alloys using electrodeposition as a very convenient route, due to its advantages such as compatibility with photolithography, ease in extending substrate size, environmentally benign and good end properties [51]. Furthermore, the use of DESs during the electrochemical process provides certain advantages as compared to aqueous electrolytes, including a good solubilization of metal salts, less complicated electrolyte formulations and insensitivity towards water and oxygen. Several experimental results reported in the previous literature regarding the fact that electrodeposition of Sn and Sn alloys are also able to act as lead-free solders using DES based electrolytes are briefly summarized in Table 2.



Only a few studies discussed the electrodeposition of metal-graphene/GO composite coatings involving DES based electrolytes. The electrodeposition of zinc-graphene oxide (Zn-GO) composite coatings involving eutectic mixtures of choline chloride-urea has been reported by Li et al. [44]. It has been shown that the use of this solvent allowed excellent dispersion stability of GO sheets without the presence of any additional additives. According to the performed XPS studies, it has been found out that part of oxygen functional groups was removed and the GO was partially reduced during the electrochemical deposition process. In addition, the presence of GO changed the preferred crystal orientation of the Zn from (101) to (002) plane. The Zn-GO composite coatings exhibited better corrosion performance as compared to that of pure Zn ones and the increase in GO content within the deposit facilitated a further improvement of corrosion resistance. Brandao et al. [57] reported the electrodeposition of Sn-reduced graphene oxide (Sn-rGO) composite under potentiostatic and galvanostatic conditions, using choline chloride–ethylene glycol-based DES, also known as Ethaline. The authors firstly prepared rGO using the chemical reduction of GO in the presence of hydrazine and then it was dispersed in the DES based electrolyte under ultrasonic stirring. The performed nucleation investigations have shown that the Sn-rGO deposits were formed through a 3D instantaneous process with growth controlled by diffusion. The XRD and Raman analyses confirmed the rGO incorporation within the Sn matrix. The obtained Sn-rGO composite coatings showed higher roughness but lower electrical conductivity as compared to pure Sn, explained by the presence of the amorphous carbon in the deposit. The assessment of the corrosion performance showed that Sn-rGO composite coatings presented better protective characteristics during long exposure periods to 0.5 M NaCl aggressive solution as compared to pure Sn. Rosoiu et al. [58] investigated the electrodeposition of NiSn-rGO composite coatings from choline chloride: ethylene glycol (1:2 molar ratio) deep eutectic solvent using pulsed current conditions. Dispersed ammonia functionalized GO has been involved to prepare the electrolytes. Based on Raman spectroscopy, it has been shown that, during the electrochemical reduction process, GO was reduced to rGO and incorporated within the NiSn alloy matrix. The successful incorporation of the carbon-based material has been also evidenced through SEM analyses. In addition, changes in the surface morphology, grain size, and surface roughness of NiSn alloy matrix were noticed in the presence of rGO. As a result of the performed accelerated laboratory corrosion tests in 0.5 M NaCl for 336 h, a slight improvement of the corrosion performance was noticed in the case of the NiSn-rGO composite coatings as compared to pure NiSn alloy ones.



Considering all that is presented above, the main aim of the work is the investigation of the electrodeposition of Sn-rGO composite coatings from eutectic mixtures of choline chloride and ethylene glycol. The influence of the applied current density on the physical-chemical characteristics of the resulted composite coating will be studied. The corrosion behavior in 0.5 M NaCl aqueous solution exposure, as well as the solder ability performance, will be also explored. It is worth mentioning here that, to the best of our knowledge, this is the first investigation reporting the direct electrochemical deposition of Sn-rGO composites using DESs, with potential applications as solder layers with improved wettability.




2. Materials and Methods


Choline chloride (HOC2H4N(CH3)3Cl, 99%), anhydrous ethylene glycol (EG, 99.5%), tin dichloride dihydrate (SnCl2·2H2O, 99.9%), and ammonium functionalized graphene oxide (GO, 1 mg/mL dispersion in water), were all purchased from Sigma-Aldrich and used as received. The homogeneous colorless deep eutectic solvent, denoted as ILEG, was formed by stirring the mixture of the two components, choline chloride (ChCl) and ethylene glycol (EG) in a molar ratio of 1:2, at 70 °C for about 30 min. Then, SnCl2 • 2H2O salt was added and the mixture was heated at 85 °C with gentle magnetic stirring until a clear liquid was formed. For co-electrodeposition of Sn-rGO composite, the graphene oxide was dispersed by ultrasonication in ILEG bath containing SnCl2 • 2H2O for 60 min.



Both Sn metal and Sn-rGO composite bulk coatings were prepared in a two-electrode cell under galvanostatic control at current densities in the range 15–30 mA cm−2 using a direct current power supply (0–3 A, 0–30 V). The constant electric charge of 18 C cm−2 was used for all of the deposition experiments to ensure that the nominal thickness of the deposits would be relatively constant. All electrochemical deposits were obtained from ILEG, containing 0.7 M SnCl2 with/without 20 mg L−1 GO, at 70 °C, under constant magnetic stirring. In order to have the same water content in the electrolyte without GO, 20 mL L−1 of distilled water (MilliQ water, 18 MΩ resistance) was added.



The films were deposited on copper plates (30 × 25 × 0.2 mm, having a constant geometrical surface of 7.5 cm2 subjected to the electrodeposition process). A platinized titanium mesh was used as counter electrode. Prior the deposition experiment, the copper surface was cleaned with acetone and microetched for 30 s in an aqueous solution of 5% (vol.) H2SO4 and 10% (vol.) H2O2 (30% wt.), followed by rinsing with distilled water and drying. After deposition, the samples were rinsed with hot distilled water, acetone and air dried.



Cyclic voltammetry (CV) and chronoamperometry (CA) studies were carried out in a glass cell with three electrodes: a glassy carbon (GC) disk (Pine, 0.196 cm2) as working electrode, a platinum mesh as counter electrode, and a silver wire placed directly in DES based electrolyte as the quasi-reference electrode. The CV experiments were performed by applying various sweep rates in the range of 5–100 mV s−1. These investigations were undertaken using an Autolab PGSTAT 12 potentiostat (Eco Chemie–Metrohm Autolab, Utrecht, The Netherlands) controlled with GPES (v. 4.9) software. Before each experiment, the GC working electrode was polished with 0.3 µm alumina paste (Struers, Cleveland, OH, USA), rinsed with distilled water and air dried.



The surface morphology of the electrochemically prepared Sn and Sn-rGO thin films was analyzed by scanning electron microscopy (SEM) using a SU8230 HITACHI (High-Technologies Corporation, Tokyo, Japan) equipped with the energy dispersive X-ray detector (EDX, Oxford Instruments, High Wycombe, UK).



The phases and structures of the deposits were investigated by X-ray diffractometry (XRD) (High Resolution SmartLab X-ray diffractometer Rigaku, Rigaku, Tokyo, Japan) 9 kW, with rotating anode) using Cu Kα radiation with wavelength of 1.5406 Å. The phase identification was made by referring to the ICDD (PDF-2) database.



Confocal micro-Raman spectroscopy technique was applied for spectroscopic studies of the pristine GO and Sn-rGO coatings in ambient conditions using a LabRam HR800 system (Horiba Jobin Yvon, Longjumeau CEDEX France). All the Raman spectra were generated by exposing the specimens to a 2 mW, 532.18 nm green excitation laser and dispersing the emitted signal onto the CCD detector using a 600 lines/mm grating with a spectral resolution around 0.6 cm−1.



In order to get information on the corrosion performance of the electrodeposited Sn-rGO composite coatings, accelerated laboratory tests consisting in continuous immersion in aerated 0.5 M NaCl aqueous solution at 25 °C up to 144 h were performed, with intermediary visual examinations. Potentiodynamic polarization curves at a sweeping rate of 1 mV s−1 and electrochemical impedance spectroscopy (EIS) at open-circuit potential using 0.5 M NaCl solution were recorded against Ag/AgCl/KCl sat reference electrode and Pt mesh counter electrode. The geometrical surface of the working electrode in the electrochemical tests was 0.2 cm2. EIS spectra, recorded with 10 mV ac voltage within 100 kHz–0.1 Hz frequency ranges were processed using ZView 2.4 software from Scribner Association Inc., Derek Johnson, NC, USA. A minimum of 3 pieces of the deposited Sn and Sn-rGO coatings onto copper metallic substrate (70 × 25 mm) were subjected to the immersion test.



The solderability performance was evaluated by dipping it in molten SAC 305 (Sn3.0Ag0.5Cu) alloy and by measurement of the angle of wettability that provides information on the degree of solder contact and strength of the solder joint, according to IPC-TM-650 [59] and IPC-610E [60] procedures.




3. Results


3.1. Cyclic Voltammetry


Cyclic voltammetry using a GC working electrode was carried out in the ILEG solvent in the absence and in the presence of 20 mg L−1 GO at 25 °C, as exemplified in Figure 1. One anodic peak (I) and two cathodic peaks (II and III) were evidenced on the recorded CV in the presence of GO.



The anodic peak I and cathodic peak II could be attributed to redox pair of some electrochemically active oxygen-containing groups on graphene planes, such as -OH, C-O-C, -COOH [61], and the large cathodic current peak III at about −0.7 V was assigned to the irreversible electrochemical reduction of GO [62], since it is absent in blank ILEG. In addition, the intensity of the cathodic peak II in the ILEG containing GO was higher than in the pure ILEG, suggesting that some species present in ILEG and the oxidic groups on the graphene surface were simultaneously reduced on the GC. The reduction of GO was further confirmed by Raman spectroscopy.



To study the one step co-electrodeposition of Sn-rGO composite, the cyclic voltammetry curves were recorded comparatively in ILEG, containing 0.05 M SnCl2 with/without 20 mg L−1 GO. In order to have the same water content in electrolyte without GO, 20 mL L−1 of distilled water was added.



Figure 2 shows the CVs for Sn and Sn-rGO composite electrodeposited on GC electrode. The voltammetric profile of curves 2 and 3 was similar, with a well-defined peak in the negative scan that could be attributed to the reduction of Sn2+ ions and two anodic peaks corresponding to Sn2+ formation by stripping of metallic deposit (−0.25 V) and further oxidation of Sn2+ to Sn4+ (more positive than 1 V), respectively, in agreement with the data reported by Vieira et al. [50]. It can be observed that the cathodic peak potential for Sn-rGO composite film deposition (−0.5 V) shifted to negative compared to that of Sn film (−0.47 V). Additionally, the onset of the reduction in Sn-rGO occured at −0.42 V, a value slightly more negative when compared to that of Sn2+, which occurred at −0.39 V. This shift of Sn reduction potential indicated that the presence of GO influenced the deposition process by adsorbing on the active sites of the cathodic surface. A similar behaviour has been reported in [63] during the electrodeposition of Ni/graphene composite from an aqueous solution and in [58] when NiSn-rGO from DES based electrolyte has been involved. It can be observed that both peak current density and the diffusion limiting current density for Sn-rGO composite deposition onto GC electrode were higher than those for Sn metal deposition. This could be the consequence of increased active surface area due to the incorporation of graphene in the coating. In addition, a current loop (crossover) may have been observed at around −0.42 V, characteristic of the metal electrodeposition under nucleation control [50,56].



The CVs of SnCl2 in ILEG based electrolyte in the absence and in the presence of GO recorded on GC electrode are presented in Figure 3, at different scan rate values.



As illustrated in Figure 3a,b, the cathodic peak potentials were shifted to more negative values as the scan rate increased, suggesting the quasi-reversibility of the process, in agreement with other results reported in [56,64]. Thus, cathodic peak potentials of −0.45 V at 5 mV s−1 and −0.59 V at 100 mV s−1 were noticed in the case of ILEG based electrolyte, while on addition of GO, these values were −0.47 V at 5 mV s−1 and −0.60 V at 100 mV s−1. As expected, higher values of the cathodic and anodic peak currents were noticed with the increase in scan rate. The linear dependence of the cathodic peak current and the square root of scan rate as illustrated in Figure 3c indicated that the deposition process occurs under diffusion-controlled growth, both in the absence and in the presence of GO in the electrolyte.




3.2. Chronoamperometry


Chronoamperometry investigations were carried out to get more details on the nucleation and growth process during Sn and Sn-rGO electrodeposition onto GC working electrode. The experiments were performed starting from a potential where no deposition occurs towards potentials at which reduction process was induced. A freshly polished GC substrate was involved every time. Therefore, the current density–time (j–t) transients at different applied potentials have been recorded, as presented in Figure 4A and Figure 5A, related to the electrodeposition of Sn-rGO and Sn, respectively.



All current transients showed the typical profile of diffusion-controlled nucleation process with three-dimensional nucleation and growth. At the beginning of each transient there was a charging of the electrical double layer. Then, an increase in faradaic current occurred, due to the growth in size of the independent nuclei and/or to the increase in the number of nuclei. During this stage of the deposit evolvement, the diffusion zone of individual nuclei began to overlap at time tmax, the hemispherical mass-transfer became a linear mass-transfer and the cathodic current reached a current density maximum, jmax. After tmax, the current transients decayed slowly due to the increased diffusion layer thickness and the transients’ approach that corresponded to linear diffusion to the total area of the electrode surface. As the applied cathodic potential was more negative, the corresponding current density maxima (jmax) are larger and the corresponding time periods (tmax) are shortened. The presence of the GO in the ILEG based electrolyte did not significantly change the current transient profile; however, the tmax values corresponding to Sn-rGO deposition were shorter than those noticed for Sn ones. This phenomenon could be related either to the adsorption of the GO on the GC surface electrode or to the electro-reduction of GO on the formed nuclei [30,65].



In order to get more information on the Sn and Sn-rGO composite nucleation mechanisms, the recorded current transients have been analyzed using the theoretical model proposed by Scharifker and Hills [66] that considers the two extreme cases of nucleation, respectively: (i) instantaneous, when all nuclei are immediately formed after the step potential, and (ii) progressive (nuclei formed according to kinetics). Dimensionless theoretical transients for instantaneous and progressive nucleation were plotted according to the Equations (1) and (2), respectively:
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Figure 4B and Figure 5B illustrate the plots of (j/jmax)2 vs. t/tmax calculated according to Equations (1) and (2) along with the dimensionless experimental data taken from the j-t curves in Figure 4A and Figure 5A, respectively.



In the case of Sn-rGO deposition (see Figure 4B), a transition from near-progressive nucleation at lower applied cathodic potentials towards instantaneous nucleation at more cathodic potential values was evidenced. The experimental data in the case of Sn deposition (see Figure 5B) fit well to the theoretical curve for progressive nucleation for lower cathodic potentials. As the applied potential was shifted towards more negative values, the non-dimensional experimental curves were displaced towards the region between progressive and instantaneous nucleation, showing an intermediate behavior.



It is worth mentioning that, when analyzing the published data related to Sn and Sn-rGO electrodeposition in different ionic liquids, it was not possible to identify a common nucleation and growth mechanism [49,57,67,68], as the reported experimental conditions were different. Tachikawa et al. [67] proposed a progressive nucleation model during Sn deposition on a Pt electrode in 1-n-butyl 1-methylpyrrolidinium bis(trifluoromethylsulfonyl) imide (BMPTFSI) at 25 °C. Leong at al. [68] investigated the nucleation of Sn at the GC electrode in 1-ethyl-3- methylimidazolium dicyanamide (EMI-DCA) at 40 °C and an intermediate case between instantaneous and progressive nucleation was obtained, as the experimental data were situated between the two theoretical curves. An instantaneous process during Sn deposition on GC electrode at 75 °C from various DESs has been reported by Salomé et al. [49]. In addition, Brandao et al. [57] showed that the nucleation of Sn and Sn composites with various carbon nanomaterials on GC surface from choline chloride-ethylene glycol eutectic mixtures at 75 °C occurred through a 3D instantaneous process with growth controlled by diffusion. In the actual experimental conditions, the DES based electrolyte temperature was lower than that used on the referred studies, the detection of progressive nucleation at lower applied cathodic potentials in the case of Sn-rGO deposition and of intermediate nucleation in the case of Sn deposition could be justified. These findings were also consistent with the reports for ([NnBu4][SnCl3]) in choline chloride-ethylene glycol eutectic mixture at 30 °C that evidenced the transition from 3D-progressive nucleation at low overpotentials towards instantaneous nucleation at higher overpotentials [50].



As all the descending parts of the recorded j-t transients showed an appropriate concordance, the diffusion coefficient of Sn2+ species could be calculated using Cottrell equation [69]:
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In Equation (3) i is the current passing through electrolyte in A, n represents the number of transferred electrons, F equals to 96,485 C mol−1, A is the area of the planar electrode in cm2, c is the bulk concentration in mol cm−3, t is the time in s, and D is the diffusion coefficient of electro-active species in cm2 s−1.



As exemplified in the insets from Figure 4A and Figure 5A, the decaying portions of the current transients showed a linear i–t−1/2 relationship, with correlation coefficients higher than 0.99. From the slope of these straight lines, and using Equation (3), the diffusion coefficients of Sn(II) species in ILEG + 0.05 M SnCl2 in the absence and in the presence of GO were determined. The average values of the diffusion coefficient at 25 °C were found to be 9.4 × 10−7 cm2 s−1 for Sn(II) species in the absence and 14.1 × 10−7 cm2 s−1 in the presence of GO. The determined values were of the same order of magnitude with the other literature data for ionic liquid-based systems. The reported diffusion coefficient from the reduction step SnCl3− + 2 e− → Sno + 3 Cl− in choline chloride-ethylene glycol eutectic mixture was 1.96 × 10−7 cm2 s−1, using cyclic voltammetry and relationship between the peak current and scan rate for an irreversible system, in [64]. Values of the diffusion coefficient of Sn (II) in reline (choline chloride: urea), propeline (choline chloride: propylene glycol), and ethaline (choline chloride: ethylene glycol) eutectic mixtures calculated from chronoamperometry were 4.1× 10 −7 cm2 s−1, 1.2 × 10 −6 cm2 s−1, and 1.4 × 10 −6 cm2 s−1, respectively, at 75 °C, as outlined in [49]. It is worth mentioning the relatively higher diffusion coefficients in the presence of GO, suggesting that the GO incorporation in the Sn matrix could facilitate an improvement of the electron transfer.



The previously presented non-dimensional analysis by Scharifker & Hills model may be supplementary analyzed considering the rising part of the current transients, according to the equations derived assuming progressive nucleation (Equation (4)) and instantaneous nucleation (Equation (5)):
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where zF is the molar charge of the depositing species, D is the diffusion coefficient, c represents the bulk concentration of metal ions, M is the molecular weight, ρ is density, N0 is the maximum number of nuclei obtainable under the prevailing conditions and A is the steady state nucleation rate constant per site [70].



As illustrated in Figure 6 for the recorded j-t transients in the case of Sn-rGO electrodeposition from ILEG based electrolyte containing 20 mg L−1 GO, a linear dependence was clearly observed.



The calculated slope values from these logarithmic plots were closer to 3/2 (1.8 at −450 mV and 1.55 at −470 mV) for less negative potentials, while in the case of more cathodic potentials the values were closer to 1/2 (0.67 at −510 mV and 0.41 at −530 mV). These findings support the previously obtained data from the Scharifker and Hills model, showing the same trend from near-progressive nucleation (j ~ t3/2) towards instantaneous nucleation (j ~ t1/2), as the applied cathodic potential was shifted from less to more negative values.




3.3. Physical Characterization of Sn-rGO Composite Coatings


The Sn-rGO electrodeposition was carried out using copper metallic substrates involving ILEG containing 0.7 M SnCl2 and 20 mg L−1 GO under galvanostatic control, at different current densities in the range 5–30 mAcm−2, at 70 °C, under magnetic stirring. For comparison the Sn electrodeposition was performed from electrolyte without GO.



3.3.1. Surface Morphology


The comparative morphology of Sn and Sn-rGO deposits was studied by scanning electron microscopy (SEM) and the recorded images are shown in Figure 7.



Figure 7A presents an example of SEM micrographs for a pure Sn coating electrodeposited at 15 mA cm−2. A morphology consisting of relatively irregular cuboid-shaped particles perpendicularly grown on the entire surface could be evidenced, with mean sizes of about 12–19 μm. SEM micrographs related to the Sn-rGO composites, as illustrated in Figure 7B–E, show a slight degradation of the cuboid formations associated with grains coalescence. As the applied current grew higher (i.e., above 20 mA cm−2), the deposit became more compact and the grain sizes were smaller, about 8–11 μm, which also showed a proper incorporation of the rGO sheets. At current densities lower than 15 mA cm−2, the graphene related material was less visible. Quite similar results were reported by Berlia et al. who studied electrodeposition of Sn/graphene composite from SnCl2 aqueous bath [28].



An example of the spatial distribution profiles for the main elemental components in the case of Sn-rGO composite coating is shown in Figure 8.



As illustrated by EDX maps, all atomic species were uniformly distributed in the composite coating.




3.3.2. XRD Analysis


The recorded X-ray diffractograms are comparatively presented in Figure 9, for the deposited coatings of Sn (Figure 9a) and Sn-rGO composite (Figure 9b–e) at various applied current densities.



The diffraction peaks of crystalline Sn are clearly distinguishable. Therefore, characteristic peaks at 30.6, 32.02, 43.89, 44.88, 55.34, 62.53, 63.76, 64.57, 72.39, 73.17, 79.50, 89.41, 95.15 and 97.40° have been identified, along with some peaks of the Cu substrate. All strong diffraction lines can be indexed to the tetragonal Sn phase according to ICDD-PDF card number: 00-004-0673 indicating the crystalline nature of coatings. The diffraction peaks which were associated with (101), (211), (301) and (112) diffraction planes were the most intense ones in the case of pure Sn.



The intensity of the diffraction line at 2θ around 24–27° from the rGO nanosheets was not prominent [71], thus the structure of composite was similar to that of pure tin. Other studies also reported the absence of the characteristic peak at 2θ at 24–27° upon one-step electrochemical reduction of GO. This behaviour has been attributed to very thin platelets of graphene [72], also suggesting that the GO has been electrochemically reduced [73]. Another reason for this disappearance could be related to the lost or disordered stacking of graphene layers in the electrochemically reduced GO [73,74].



Values of the average grain size were calculated from XRD patterns using Scherrer equation for the first four peaks at different current densities. Average sizes of the crystallites were between 82 and 98 nm for pure Sn, while values in the range 77–92 nm have been determined in the case of Sn-rGO composite. The average size of the grains slightly increased as the applied current density was higher. For both Sn and Sn-rGO coatings, there was a competition between the nucleation and crystal growth at various current densities as well. The deposits obtained at increased overpotentials should have exhibited reduced grain sizes. However, as the applied current density was higher, an increase in the secondary hydrogen evolution reaction occurred, thus diminishing the real current density for metal electrodeposition. Consequently, the overpotential decreased and led to an increase in the grain size [53,75].



Smaller grain size for composite can be explained by the graphene related material incorporation in the deposit. During the growth of the electrodeposited film there was a competition between the nucleation and crystal growth. The graphene oxide provided more nucleation sites and hence it controlled and retarded the crystal growth; subsequently, the corresponding Sn grains in the composite coating had a smaller grain size [76,77].



Similar results were reported in [28] regarding the deposition of Sn-graphene composite from tin chloride based aqueous electrolytes.



The preferred orientation of Sn and Sn-rGO obtained deposits was estimated from X-ray data according to the methodology developed by Bérubé and L’Esperance [78].



The texture coefficient was calculated from the following equation:


  Tc   hkl   =   I   hkl       ∑  N  I   hkl     ×     ∑  N  Io   hkl     Io   hkl      



(6)




where Tc(hkl) is the texture coefficient of the hkl plane, I(hkl) is the measured peak intensity, Io is the relative peak intensity of the corresponding plane given for standard Sn powder sample from ICDD PDF file card number 00-004-0673, and N is the number of reflections.



The comparative analysis of the peaks for Sn and Sn-rGO composite electrodeposited at 15 mA cm−2, as illustrated in Figure 10, showed a more pronounced orientation along the planes (101), (112) and (312) in the case of pure Sn, while the presence of rGO in the deposit diminished this tendency. Furthermore, crystal growth along (200), (220), (400), (321), (420), and (501) was enhanced in the case of Sn-rGO composite as compared to the crystal growth direction in the case of pure Sn. These results were in agreement with the other literature data, showing that the incorporation of second phase materials to a growing metal matrix could influence the grain size and the preferred orientation of the deposit [28,36].




3.3.3. Raman Spectroscopy


Raman spectroscopy represents one of the most reliable techniques to identify and characterize the carbon-based materials [79]. Figure 11 presents examples of the recorded Raman spectra of the pristine (commercial) GO and of the electrodeposited Sn-rGO composites applying different current density values.



As shown in Figure 11, two peaks centered at about 1348 cm−1 (D band, breathing mode of k-point phonons of A1g symmetry) and 1599 cm−1 (G band usually assigned to the E2g phonon of C sp2 atoms) were observed in the Raman spectra of Sn-rGO composite coatings. The relative intensities of the D band to the G band (ID/IG ratio) were calculated to be about 1.03 for pristine GO. ID/IG ratio for rGO in composite coatings increased as the current density was higher, from 1.04 at 15 mA cm−2 to 1.08 at 30 mA cm−2. Higher D/G intensity ratio in Sn-rGO as compared to pristine GO suggested a decrease in the average size of the sp2 domains during electrochemical reduction process and the creation of new graphitic domains, also indicating that more defects could have been introduced during the electrochemical reduction process [58,62,80,81].





3.4. Corrosion Behavior of the Sn and Sn-rGO Composite Coatings


The comparative evaluation of the corrosion performance of the electrodeposited Sn and Sn-rGO composite coatings has been carried out involving the recorded potentiodynamic polarization curves and electrochemical impedance spectra (EIS) at open circuit potential, in aerated 0.5 M NaCl solution, after various immersion periods, up to 144 h.



Figure 12 presents the potentiodynamic polarization curves in semilogarithmic coordinates for the two studied deposits corresponding to the initial and final moment of immersion. The corrosion potential (Ecorr) and the corrosion current density (jcorr) were determined by extrapolation from the Tafel plots, and the obtained values are given in Table 3.



As illustrated in Figure 12a, on the initial moment of immersion, both coatings exhibited relatively comparable Ecorr values while the determined corrosion current density values showed a better corrosion protection provided by the Sn-rGO one. After 144 h of exposure in aggressive medium, the values of the jcorr became quite similar, regardless the coating type (see Figure 12b). Nevertheless, a significant displacement of the Ecorr towards positive direction was noticed in the case of Sn-rGO, associated with relatively lower currents on the anodic branch that could suggest a certain protection degree, due to the possible formation of a corrosion by-product layer. The possible non-uniform distribution of rGO, as well as the presence of some defects on the surface, might have allowed the diffusion of the Cl− ions.



Figure 13a,b comparatively illustrates the recorded EIS spectra of Sn-rGO composite and Sn coatings recorded at open circuit potential in 0.5 M NaCl, as Nyquist and Bode plots. The proposed equivalent circuit to model the corrosion behavior of the deposits in the NaCl solution is presented in Figure 13c.



Both Nyquist diagrams show a semicircle arc in the relatively high-frequency range whose diameter is associated with the polarization resistance and may be correlated to the corrosion rate. A larger semicircle diameter for Sn-rGO specimen is evidenced, suggesting a better corrosion performance as compared to Sn deposit.



All Bode diagrams indicate a single time constant for corrosion kinetics, with the maximum modulus of impedance (|Z|) at lowest frequencies having values of ≈ 10–30 kΩ for Sn-rGO composite and about 10–13 kΩ for Sn deposit, respectively. Additionally, the maximum of the phase angle curves was recorded at 10-30 Hz frequency. At the initial moment, its value was −60° for both deposits. Then, the Sn-rGO exhibited an increase of phase angle maximum up to −70° after 48 h of exposure suggesting the formation of a slightly insulating corrosion products layer, followed by a further decrease (up to 144 h period), meaning less electrically insulating and even porous layer of products. In the case of Sn deposit, the phase angle gradually decreased up to −48° for 144 h exposure period.



The process can be modeled as a double-layer capacitor (Cdl) in parallel with a charge-transfer resistor (Rct), in series with a circuit consisting of a film capacitor (CF) in parallel with a film resistor (RF), all in series with the solution ohmic resistance (R1). During the fitting of the experimental data a constant phase element (CPE) was used instead of true double layer capacitance (Cdl) [29,58] in order to model more accurately the non-ideal behavior of Cdl capacitance.



In Table 4 the calculated values of the charge-transfer resistance (Rct) and of the film resistor (RF) for the corrosion of Sn-rGO composite and Sn coatings are presented, which were obtained by fitting the impedance data with ZView software.



It can be seen that on the initial moment of immersion coating resistances of about 24.9 kΩ for Sn-rGO, and around 4.6 kΩ for Sn coating, were estimated, which was in good agreement with the obtained results from the potentiodynamic polarization curves. As the immersion period had been increased up to 48 h, higher values of RF were noticed for both investigated coatings, suggesting the formation of a protective film on the surface. During the period 48–144 h a decrease in RF in the case of Sn-rGO occurred due to possible formation of a porous layer that allowed Cl- ions penetration, while Sn coating showed an increase in the film resistance, suggesting a less porous corrosion by-product film. Overall, the Sn-rGO composite deposit presented a slightly higher value of the film resistance as compared to the pure Sn coating.




3.5. Solderability Tests


Solderability represents the ability of a base metal surface to be wetted by a molten tin alloy under certain conditions of temperature and time. Composite coatings reinforced by various types of nanoparticles, including metals, oxides, ceramic and carbon-based nanomaterials could represent an attractive route to improve the wettability of lead-free solders [33].



To obtain preliminary information on the reliability of the Sn-rGO composites as solder joints, the applied procedure followed the steps according to [59,60]. Therefore, the pre-coated with Sn-rGO specimens, using ILEG + 0.7 M SnCl2 + 20 mg L−1 GO electrolyte and applying a current density of 25 mA cm−2, were subjected to immersion in Sn3.0Ag0.5Cu molten solder bath at a temperature of 245 ± 5 °C for 10 s. After being dipped in a solder bath, the specimen surface was assessed visually to evidence the nonwetting and de-wetting areas. In addition, the wetting angle was determined as an indicator of the degree of solder contact and strength of the solder joint.



Figure 14 illustrates images of the wetting angle formed between the SAC 305 alloy and Sn-rGO composite coating after reflow at 245 °C, as well as of the sample surface mounted printed circuit boards (PCBs) and microsection through the solder joint on the PCB pre-coated with Sn-rGO composite.



As exemplified in Figure 14a, wetting angles around 44° have been determined, less than 90°, suggesting adequate solderability characteristics. However, the visual examination evidenced the presence of some nonwetting and de-wetting areas which might have been due to the possible presence of oxides on the composite surface before immersion in the molten SAC alloy. As shown in Figure 14b, the solder joints presented a proper adhesion to the substrate with no fractures. These findings suggest that the Sn-rGO composite coatings ensured a suitable bonding with the solder paste material.





4. Conclusions


The above-presented studies showed that Sn-rGO composite film can be directly co-electrodeposited from eutectic mixtures of choline chloride and ethylene glycol containing SnCl2 and graphene oxide. The involved electrolytic medium facilitated the formation of a stable and homogeneous dispersion of GO that allowed the further incorporation of rGO sheets in the tin matrix.



Uniform Sn-rGO composite coatings, exhibiting proper adhesion to the Cu metallic substrate, have been obtained.



The electrochemical investigations using cyclic voltammetry and chronoamperometry showed that that Sn-rGO composite deposition process corresponded to a nucleation and tridimensional growth controlled by diffusion, with nucleation evolving from progressive to instantaneous upon increasing the overpotential, under the applied experimental conditions.



The diffusion coefficients of Sn(II) ions at 25 °C were determined by analyzing the descending parts of the recorded j-t transients. Average values of 9.4 × 10−7 cm2 s−1 for Sn(II) species in the absence and 14.1 × 10−7 cm2 s−1 in the presence of GO, were calculated



SEM analyses, EDX maps and Raman spectroscopy evidenced the successful incorporation of graphene oxide into the metallic matrix. Furthermore, Raman spectra demonstrated that the GO had been reduced during the electrodeposition process.



X-ray diffraction patterns showed that the presence of reduced graphene oxide (rGO) in the deposit diminished the preferred orientation of tin growth along the planes (101), (112), and (301). An enhancement of the crystal growth along (200), (220), (400), (321), (420), and (501) planes in the case of Sn-rGO composite, as compared to those for pure Sn, was evidenced, too. Average sizes of the crystallites between 82 and 98 nm for pure Sn and in the range 77–92 nm for Sn-rGO composite have been determined using Scherrer equation.



A slight improvement in the corrosion performance in the case of the Sn-rGO composite coatings was noticed, as compared to pure Sn ones. In addition, the obtained results showed adequate solderability performance, so that the electrodeposited Sn-rGO composite could act as a solder layer with improved wettability, materialized by wetting angles around 44°.



While this study explored the one-step electrodeposition of Sn-rGO composite coatings from DES based electrolytes, further TEM investigations to get more detailed information on the structure, morphology, and orientation relationship of GO, rGO, Sn and Sn-rGO in the coatings will be performed. Moreover, future experiments related to the optimization of the operation conditions, including the use of higher concentrations of graphene oxide within the involved DES based electrolyte and the refining of the morphology through the use of pulsed current, are envisaged. It is expected that the improvement of the quality of the electrodeposited Sn-rGO composite coatings could contribute to the development of other interesting applications, including novel cathode materials for hydrogen evolution reaction and protective layers for bipolar plates used in proton exchange membrane fuel cells (PEMFCs).
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Figure 1. Cyclic voltammograms (CVs) on GC working electrode at 20 mV s−1 in ILEG and ILEG containing 20 mg L−1 GO, 25 °C. 
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Figure 2. Cyclic voltammograms on GC at scan rate 20 mV s−1 in blank ILEG (1), ILEG containing 0.05 M SnCl2 (2) and 0.05 M SnCl2 and 20 mg L−1 GO (3), 25 °C. The inset shows the crossover in the encircled area. 
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Figure 3. Cyclic voltammograms on GC electrode in ILEG containing: (a) 0.05 M SnCl2 and (b) 0.05 M SnCl2 + 20 mg L−1 GO, at different scan rates, 25 °C; (c) cathodic peak current density vs. square root of scan rate. 
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Figure 4. Potentiostatic current-time transients for the electrodeposition of Sn-rGO (A) from ILEG + 0.05 M SnCl2 + 20 mg L−1 GO at 25 °C on GC electrode, at different potentials: (a) −460 mV, (b) −480 mV, (c) −500 mV, (d) −520 mV, (e) −540 mV, (f) −560 mV, (g) −580 mV. The inset shows the dependence of i vs. t−1/2 and linear fitting at −580 mV. (B) Non-dimensional plots for the transients from (A): instantaneous (I, red line), progressive (P, blue line) and experimental data (black lines). 
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Figure 5. Potentiostatic current-time transients for the electrodeposition of Sn (A) from ILEG + 0.05 M SnCl2 at 25 °C on GC electrode, at different potentials: (a) −420, (b) −440, (c) −460, (d) −480, (e) −500, (f) −520, (g) −540 mV. The inset shows the dependence of i vs. t−1/2 and linear fitting at −520 mV. (B) Non-dimensional plots for the transients from (A): instantaneous (I, red line), progressive (P, blue line) and experimental data (black line). 
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Figure 6. Double logarithmic plot of current vs. time for the rising part of the current transients recorded for Sn-rGO deposition from ILEG + 0.05 M SnCl2 + 20 mg L−1 GO. Various applied potentials: (a) −450 mV, (b) −470 mV, (c) −490 mV, (d) −510 mV, (e) −530 mV. 
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Figure 7. SEM images of: (A) Sn film electrodeposited at 15 mA cm−2 from ILEG + 0.7 M SnCl2 and (B–E) Sn-rGO film electrodeposited from ILEG + 0.7 M SnCl2 + 20 mg L−1 GO at different current densities: (B) 15 mA cm−2, (C) 20 mA cm−2, (D) 25 mA cm−2, (E) 30 mA cm−2; temperature 70 °C, electric charge 18 C cm−2, different magnifications. 
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Figure 8. (a) EDX maps of elemental distribution for: Sn (b); C (c) and O (d) in the case of Sn-rGO composite coating electrodeposited from ILEG + 0.7 M SnCl2 + 20 mg L−1 GO at 25 mA cm−2; temperature 70 °C, electric charge 18 C cm−2. 
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Figure 9. Comparative X-ray patterns of: (a) Sn electrodeposited at 15 mA cm−2 from ILEG + 0.7 M SnCl2 and (b–e) Sn-rGO electrodeposited from ILEG + 0.7 M SnCl2 + 20 mg L−1 GO at different current densities: (b) 15 mA cm−2; (c) 20 mA cm−2; (d) 25 mA cm−2; (e) 30 mA cm−2; temperature 70 °C. 
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Figure 10. Texture coefficient values for different planes of Sn and Sn-rGO composite coatings calculated from XRD peak intensities (j =15 mA cm−2). 
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Figure 11. Comparative Raman spectra of: (a) graphene oxide and (b–e) Sn-rGO composite coatings obtained at different current densities: (b) 15 mA cm−2, (c) 20 mA cm−2, (d) 25 mA cm−2 and (e) 30 mA cm−2. 
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Figure 12. Polarization curves in semilogarithmic coordinates in 0.5 M NaCl for Sn and Sn-rGO composite coatings corresponding to the initial (a) and final (b) moments of immersion (25 °C, 1 mV s−1). 
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Figure 13. Nyquist (left) and Bode (right) plots for continuous immersion periods in 0.5 M NaCl: (a) Sn-rGO composite and (b) Sn coatings. Solid lines are the fit of the measured points using the equivalent circuit shown in (c). 
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Figure 14. (a) Optical micrograph of the prepared microsection for the measurement of the wetting angle formed between the SAC 305 alloy and Sn-rGO composite coating after reflow at 245 °C; (b) images of the sample surface mounted PCBs and microsection through the solder joint on the PCB pre-coated with Sn-rGO composite. 
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Table 1. Results from previous reports regarding the electrodeposition of Sn and Sn alloy composites with graphene related materials involving aqueous electrolytes.
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Coating Type

	
Metallic

Substrate

	
Electrolyte

Composition

	
Main Operation Parameters

	
Applications

	
Reference






	
Sn

Sn + G composite

	
Mild steel

	
9.2 g L−1 SnCl2

	
6.5 mA cm−2 for 20 min.

RT

pH 3.5

mild stirring

	
Corrosion protection

	
[28]




	
26.7 g L−1 NH4Cl




	
30.9 g L−1 H3BO3




	
43.6 g L−1 Na gluconate




	
0.05 g L−1 G




	
Sn

Sn GO composite

	
Mild steel

	
20 g L−1 SnSO4

	
6.25 mA cm−2 for

20 min.

RT

pH 4.0

mild stirring

	
Corrosion protection

	
[29]




	
140 g L−1 C6H11NaO7




	
20 g L−1 C2H3NaO2




	
0.5 g L−1 SLS




	
0.125–2.5 g L−1 GO




	
Sn

Sn/rGO and

Sn/G/rGO composites

	
Carbon paper

	
21.44 g L−1 SnSO4

	
2 A cm−2 for 10 s

RT

mild stirring

	
Binder free anode for high performance Li-S batteries

	
[30]




	
54 mL L−1 conc.H2SO4(67–70%)




	
0.8 g L−1 GO




	
96.5Sn–3Ag–0.5Cu (denoted SAC)

SAC/GNS composites

	
Individual rod specimens (ϕ 6.5 × 3 mm)

	
Powder metallurgy method

	
The increase of the solder corrosion resistance for electronic packaging applications

	
[32]




	
Sn-Ni alloy

Sn-Ni/GO composite

	
Mild steel

	
50 g L−1 SnCl2 • 2 H2O

	
3 mA cm−2 for

20 min.

45–50 °C

pH 2.5

mild stirring

	
Corrosion protection

	
[35]




	
300 g L−1 NiCl2 • 6 H2O




	
85 g L−1 NH4HF2




	
2 g L−1 CTAB




	
0.125–0.5 g L−1 GO




	
Sn-Zn alloy

Sn-Zn/GO composite

	
Mild steel

	
20 g L−1 SnSO4

	
6.25 mA cm−2 for

20 min.

RT

pH 4.5

mild stirring

	
Corrosion protection

	
[36]




	
20 g L−1 ZnSO4 • 7 H2O




	
140 g L−1 C6H11NaO7




	
20 g L−1 C2H3NaO2




	
0.5 g L−1 SLS




	
0.125–0.5 g L−1 GO
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Table 2. Results from the literature data regarding the electrodeposition of Sn and Sn alloys from DES based electrolytes.
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Coating Type

	
Metallic

Substrate

	
Type of DES

	
Precursor of Sn2+ Ions

	
Main Operating Parameters

	
Application

	
Reference






	
Sn

	
Low carbon steel

	
Choline chloride-ethylene glycol (1:2 molar ratio)

	
0.05 M SnCl2 • 2H2O

	
1.57 mA cm−2 for 3600 s

25–45 °C

Stirring (700–1300 rpm)

	
Protective coatings

	
[52]




	
Sn

	
Cu



Mild steel

	
Choline chloride-ethylene glycol (1:2 molar ratio);



Choline chloride-malonic acid (1:1 molar ratio)

	
0.5 M SnCl2 • 2H2O

	
2–10 mA cm−2 for

20 min.

40–80 °C

1–10 mA cm−2 for

15 min.

90 °C

	
Protective coatings

	
[46]




	
Sn

	
Cu foil

	
Choline chloride-ethylene glycol (1:2 molar ratio)

	
0.1 M SnCl2 • 2H2O

	
Constant voltages between 0.5–0.7 V

for 2–15 min.

RT

	
Anode

for lithium-ion battery

	
[47]




	
SnBi alloy

	
Cu foil

	
Choline chloride-ethylene glycol (1:2 molar ratio)

	
0.05 mol L−1 SnCl2

	
Constant potentials between −1.1 and −1.5 V vs. Ag wire ref. for

1 C cm−2

90 °C

	
Solder alloy showing composition around the eutectic point

	
[53]




	
0.05 mol L−1 BiCl3




	
0.1 mol L−1 H3BO3




	
SnIn alloy

	
Cu

	
Choline chloride-ethylene glycol (1:2 molar ratio)

	
0.05–0.1 M InCl3

	
2–10 mA cm−2 for

30 min.

60 °C

	
Solder alloy showing composition around the eutectic point

	
[54]




	
0.03–0.05 M SnCl2 • 2 H2O




	
SnAg alloy

	
Pt

Cu

	
Choline chloride-ethylene glycol (1:2 molar ratio)

	
0.03–0.075 M SnCl2

	
10–20 mA cm−2 for 20–25 min.

40 °C

	
Solder alloy

Decorative coatings

Electrocatalyst for HER in alkaline solutions

	
[55]




	
0.05–0.15 M AgCl




	
0.003–0.075 M C5H11NO2S (methionine)




	
SnCuNi

	
Cu

	
Choline chloride-ethylene glycol (1:2 molar ratio)

	
500 mM SnCl2 • 2 H2O

	
8 mA cm−2 for

30 min.

60 °C

stirring

	
Solder alloy showing Sn-0.65Cu-0.06Ni stoichiometry close to the commercial one

	
[56]




	
0.055 mM NiCl2 • 6 H2O




	
0.345 mM CuCl2 • 2 H2O
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Table 3. Values of corrosion parameters from polarization curves in 0.5 M NaCl for Sn-rGO and Sn coatings after different conditioning periods.
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Immersion

Period

	
Sn-rGO

	
Sn




	
Ecorr,

V/Ag/AgCl

	
jcorr,

μA cm−2

	
Ecorr,

V/Ag/AgCl

	
jcorr,

μA cm−2






	
Initial

	
−0.707

	
8.48 ± 0.24

	
−0.661

	
15.84 ± 1.22




	
144 h

	
−0.243

	
18.96 ± 0.58

	
−0.51

	
15.92 ± 2.17
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Table 4. Values of Rct and RF by fitting impedance results for Sn-rGO composite and Sn coatings after exposure to 0.5 M NaCl solution for different times using the equivalent circuit proposed in Figure 12c. (The quality of the fitting was assessed considering the value of χ2 < 10−3).
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Immersion

Period

	
Sn-rGO

	
Sn




	
Rct/Ω

	
RF/Ω

	
Rct/Ω

	
RF/Ω






	
Initial

	
4121

	
24,941

	
7279

	
4631




	
24 h

	
9783

	
16,304

	
1173

	
12,306




	
48 h

	
300

	
44,757

	
253

	
20,165




	
144 h

	
3890

	
32,541

	
25

	
26,259
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