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Abstract

:

Sodium metal anodes have attracted great attention for the development of a next generation of high-energy batteries because of their high theoretical capacity (1166 mAh·g−1), low redox potential (−2.71 V vs. SHE), and abundance. However, sodium reacts with most of the liquid electrolytes described to date and it has the shortcoming of dendrite formation during sodium deposition. Several strategies have been proposed to overcome these issues, including the incorporation of electrolyte additives. This work reports on the use of SO2 and sulfolane as additives in organic electrolytes to modify the sodium–electrolyte interphase, making the sodium plating/stripping process more robust. Not only is the process more stable in the case of sodium metal anodes, but also the use of copper substrates is enabled. In fact, high-quality sodium films on copper have been attained by adding small mole fractions of the additives, which paves the way for the development of anode-free batteries. In a general vein, this work stresses the importance of researching on compatible and cost-effective additives that can be easily implemented in practice.
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1. Introduction


The development of energy storage systems is one of the main challenges in this century, directly connected to the implementation of renewable energy sources. Rechargeable batteries, which have experienced a remarkable evolution over the past years, show attractive features for this purpose. In this context, lithium-based batteries have been the most studied and commercialized, particularly for portable devices and electromobility. However, because of the rather localized geographical distribution of lithium, relative scarcity, and high environmental impact of lithium extraction, significant efforts have focused on the development of alternative alkaline metal batteries. In this respect, sodium metal shows excellent electrochemical properties such as high theoretical specific capacity (1165 mAh g−1) and low redox potential (−2.71 V vs. SHE), having also high abundance, wide distribution, and ample availability.



Sodium metal batteries (SMB), such as the Na-S and Na-NiCl2 (ZEBRA) batteries, have been commercialized for a long time [1,2,3], although in a non-generalized way because of safety issues derived from their high operation temperature (up to 300 °C). This is an important reason why the scientific community is making a great effort to develop room-temperature sodium batteries. Several advances have been reported in the last few years; however, one of the main difficulties continues to be the high reactivity of sodium metal with most of the electrolytes commonly employed [4]. Ideally, an effective solid electrolyte interface (SEI) would be formed at the sodium surface, favoring stability and, at least, mitigating the dendritic growth that sodium typically undergoes in room-temperature SMBs. In practice, many strategies have been proposed aiming to improve the performance of sodium metal anodes, for instance by tuning the electrolyte formulation for improving the sodium plating/stripping process.



One common methodology consists of including a certain concentration of an additive in the organic electrolyte formulation to modify the SEI composition [5,6,7]. The use of ionic liquids and highly concentrated electrolytes has also been proposed. Among all ionic liquids in the literature, those containing the fluorosulfonylimide FSI− anion are particularly relevant as they generate an SEI that hinders the reactivity of sodium metal [8,9,10,11]. On the other hand, highly concentrated electrolytes are less reactive, and the sodium dendritic growth is limited since there is no sodium depletion in the vicinity of the electrode [12]. For instance, Zang et al. reported on the use of 4 M NaFSI in THF and DME solutions for Na plating/stripping on copper, displaying excellent electrochemical properties [13]. However, these electrolytes typically present low specific conductivity and they are costly, even at the laboratory scale.



Another less common, but very promising strategy is the use of inorganic electrolytes. Kim et al. reported the sulfur dioxide solvate NaAlCl4·2SO2 as an inorganic electrolyte for SMBs [14,15]. This electrolyte has a concentration above 5 M sodium ions in SO2 and a specific conductivity of 0.1 S cm−1. Non-dendritic sodium deposition at room temperature was specifically demonstrated. Recently, we described the use of a few ammonia-based liquids as electrolytes [16], specifically NaI, NaBF4, and NaBH4 were used as sodium salts, which were dissolved in liquid ammonia to generate each electrolyte (ammonia solvate). These liquids show excellent physicochemical properties such as a high sodium concentration (over 7 M) and an ionic conductivity close to 100 mS cm−1. In addition, the Coulombic efficiency for the sodium plating/stripping process was virtually 100% for several hundreds of charge-discharge cycles. The use of copper foil as a substrate for effective sodium plating/stripping in these electrolytes was also shown, paving the way for the development of anode-free (anodeless) batteries. Despite these impressive properties, liquid inorganic electrolytes generally show lower boiling points than typical organic ones, and the working potential window is also narrower in the case of the ammonia solvates.



In this work, we report for the first time on the use of SO2-based compounds as additives for some organic electrolytes commonly used in the context of SMBs. In particular, we have studied the effect of low mole fractions of either liquid SO2 or sulfolane in electrolytes such as NaCF3SO3 (NaTf) in DOL:DME, NaSCN in DOL:DME, and NaClO4 in propylene carbonate (PC). With the addition of the SO2-based compounds, there is a significant improvement of the sodium plating/stripping process, achieving Coulombic efficiencies above 90% as demonstrated by cyclic voltammetry. Dramatic and promising changes in the aspect of the sodium film deposited on a copper substrate have been observed in the presence of the additives.




2. Results and Discussion


This contribution aims to illustrate the role of SO2 and sulfolane as additives for SMB electrolytes. For this research, we have tested the sodium plating/stripping process in three organic electrolytes, namely 2 M sodium triflate (NaTf), 2 M NaSCN in a mixture of 1/1 v/v anhydrous DOL:DME, and 1 M NaClO4 in anhydrous propylene carbonate. In each case, several concentrations of SO2 and sulfolane were studied, varying from 0.02 to 0.2 in mole fraction.



Figure 1 shows the effect of adding SO2 to the electrolytes mentioned above on sodium metal deposition and stripping by means of cyclic voltammograms (CVs). In all cases, current varies linearly with applied potential as observed previously (linear polarization) [17]. Figure 1a,c,e shows ten successive CVs for the Na+/Na process without additive using ± 0.2 V as the potential window. There is a progressive and significant decrease of the current density as the cycle number increases, particularly in the case of the 2 M NaTf/DOL:DME electrolyte, for which the currents halve after 10 CVs. This behavior can be related to the formation of an SEI on the sodium surface, probably linked to the decomposition of the organic electrolyte. This process has been widely described in the literature by many authors [5,6]. In contrast, when a certain amount of additive is present in the electrolyte, the trend observed during cycling changes. In fact, the addition of SO2 mole fractions of 0.02 or 0.05 consistently leads to a stabilization of the sodium plating/stripping process, the voltammograms experiencing less changes upon repeated cycling. Further information about the evolution of the voltammetric response upon 10 cycles for each electrolyte and SO2 concentration is provided in the Supplementary Materials (Figures S1–S3).



On the other hand, colored curves in Figure 1b,d,f correspond to the tenth cycle for each SO2 concentration and for each electrolyte. By comparing them with the CVs in the absence of additive, a decrease of the currents is generally observed. The ohmic behavior of the voltammograms allows us to describe them in terms of resistances. In a comprehensive work on lithium plating, based mainly on voltammetric measurements, Genovese et al. calculated the so-called plating resistance from the slope of the current–potential curve from 0 to −300 mV vs. Li+/Li, and they considered that tracking such a resistance was a good gauge of lithium cycling performance [18]. Analogously, we define here the plating-stripping resistance for the Na+/Na process as:


   R  p s   =    (    ∂ E   ∂ I    )    I = 0    



(1)




where  E  stands for the potential vs. Na+/Na and I for the current, as well as its change over 10 voltammetric cycles (  Δ  R  p s    ). The plating-stripping resistance contains contributions from more fundamental magnitudes, including the liquid electrolyte resistance, the SEI resistance, and the charge transfer resistance. Changes in the magnitude of the plating resistance in the case of lithium were attributed to changes in the SEI composition [18]. Table 1 gathers the resistance values before the addition of sulfur dioxide, and it also shows the effect of the mole fraction of sulfur dioxide on Rps. These values are in the same order of magnitude as those found for lithium deposition [18]. The addition of sulfur dioxide triggers two main effects: (i) an increase in the plating-stripping resistance values and (ii) a significant stabilization of the CVs.



The decrease in the current density associated with Na plating/stripping (increase in plating-stripping resistance) is likely related to the formation of a specific SEI on the sodium surface when it is in contact with an electrolyte containing SO2. Some authors have described such a process by means of Equations (2)–(5) [14,19]. Similar reactions have been proposed for a system based on Li-SO2 [20,21].


6Na + SO2 → 2Na2O + Na2S



(2)






Na2O + SO2 → Na2SO3



(3)






Na2O + 2 SO2 → Na2S2O5



(4)






2Na + 2 SO2 → Na2S2O4



(5)







Equation (5) is the simplest one that more straightforwardly accounts for the formation of an SEI in which the transport of sodium ions is expected to be efficient based on the low melting points reported for Na2S2O4. However, the contribution of the other reactions cannot be discarded. XPS and in-situ Raman spectroscopy measurements are underway to clarify this question.



Examination of Figure 1 and Table 1 shows that, as the mole fraction of sulfur dioxide grows, there is a significant increase in the plating-stripping resistance, except in the case of the 1 M NaClO4/PC electrolyte for which Rps decreases as the SO2 mole fraction increases. In this particular case, for an SO2 mole fraction of 0.20, the current density increases notably, becoming similar to that obtained in the absence of additive, but with a much higher stability as the plating-stripping resistance does not significantly change upon repeated cycling. Likely, the enhanced growth of the SEI in the presence of increasing amounts of SO2 plays a role in the performance and kinetics of the Na+/Na process, slowing it down and making it more robust. In contrast, a synergetic effect seems to happen in the NaClO4-based electrolyte, for which the current density increases as the concentration of additive does.



As observed in Table 1, the highest values for the resistance were obtained for relatively high contents of SO2 in 1.6 M NaTf/DOL:DME. This is likely related to a drastic change in the electrolyte’s nature, which becomes a gel. Actually, the solution was diluted by 20% with respect to that employed in the absence of SO2 as to facilitate the measurements, and a SO2 mole fraction of 0.2 was not studied because the electrolyte was fully gelled.



On the other hand, the development of anode-free batteries may represent important practical advantages as it may allow mounting SMBs in a fully discharged state, thus avoiding the handling of sodium metal. In this respect, sodium plating/stripping was also performed on a copper foil substrate. As with the sodium metal electrodes, CVs were acquired in both the presence and the absence of SO2. Figure 2 shows the corresponding CVs in the case of the NaTf/DOL:DME electrolyte. Without additive, the electrolyte concentration was 2 M, while with SO2 it was slightly lowered to 1.6 M (as explained previously). As observed in the red curve of Figure 2a, in the absence of SO2, there are no clear signs of sodium deposition on Cu, even reaching a potential as low as −0.2 V vs. Na+/Na. However, low mole fractions of SO2 favor the plating process, which occurs now at a low overvoltage and with significant reversibility. The Coulombic efficiency attains a value of 70% after adding a 0.02 SO2 mole fraction.



The pictures in Figure 2b,c show the aspect of the sodium deposits on the Cu substrate obtained after applying a potential of −0.2 V vs. Na+/Na for 500 s in the absence of and in the presence of the additive, respectively. It should be emphasized that the morphology of the sodium deposit dramatically changes upon the introduction of the additive, from one formed by particles that easily detach from the substrate to a continuous and homogeneous sodium deposit on the entire Cu surface in contact with the electrolyte. It is worth mentioning that this type of experimental result is not commonly reported in battery research, and it is novel in the context of sodium batteries. We would like to emphasize that providing evidence on the quality and uniformity of the sodium deposit on a macroscopic level is very important from practical and technical points of view.



Equivalent experiments have been carried out for the electrolytes 2 M NaSCN/DOL:DME and 1 M NaClO4/PC under the same conditions (scan rate of 20 mV s−1 and negative potential limit of −0.2 V). Figure 3a shows the CVs for the Na plating/stripping process on Cu in 2 M NaSCN/DOL:DME without SO2 and for various mole fractions thereof. The electrochemical plating of Na is clearly enhanced, even for low mole fractions of SO2 as the additive significantly improves the Coulombic efficiency for the Na+/Na process as well as the associated currents. It is remarkable, though, that, for SO2 mole fractions above 0.05, the enhancement is less substantial. In any case, the additive again favors that sodium can be homogeneously deposited on the copper surface, as demonstrated through a comparison of the electrode photographs in Figure 3b,c. They were obtained after applying to the copper electrode a potential of −0.2 V vs. Na+/Na for 500 s.



Figure 4 shows the plating/stripping process for Na on Cu in 1 M NaClO4/PC. In this case, and as expected, the Na+/Na process shows partial reversibility even in the absence of SO2. Interestingly, the current density increases with the concentration of the additive, contrary to what happened in the previous cases. Specifically, deposition currents more than double when SO2 is present at a mole fraction of 0.20. This behavior is parallel to that shown by the sodium metal electrodes (see Figure 1). The use of other metal substrates (aluminum in particular) is underway in our laboratories.



A study of the stability of the Na deposit on Cu was also carried out in 1 M NaClO4/PC. In this case, Na was electrodeposited on Cu by applying a constant potential of −0.2 V for 500 s. Subsequently, several CVs were acquired at 20 mV s−1 using the potential limits of ±0.2 V. Figure 5 shows the results obtained with and without additive. There is a certain decrease in the current density with the number of cycles, except when the SO2 mole fraction is 0.20. In such a case, there is hardly any variation in the current after 20 cycles. It is also relevant that, in this case, the addition of SO2 does not have a deleterious effect on the magnitude of the currents. In fact, attaining a mole fraction of 0.2 leads to a drop in the plating-stripping resistance, which halves the value in the absence of the additive. It is also relevant that the deposition of fresh sodium metal, which should entail the formation of a fresh SEI, also favors the reversibility of the Na plating/stripping process. This can be concluded from a comparison of the current densities in Figure 1 and Figure 5 under the same polarization and it is also probably related to the existence of a certain roughness factor in the sodium metal deposit.



The use of SO2 as an additive significantly reduces risks when compared to the use of SO2 as a solvent. However, questions regarding a relatively high SO2 partial pressure in equilibrium with the solution derived from the fact that SO2 is a gas under normal conditions have motivated us to research on a closely related alternative. Specifically, we have considered the use of sulfolane as an additive, aiming again to enhance the Na plating/stripping process. Sulfolane is a dipolar aprotic solvent with a melting point of 27.5 °C, density of 1.261 g·cm−3, and viscosity of 0.01007 Pa·s at 30 °C. It is very stable; even at temperatures as high as 200 °C, the rate of decomposition is 0.009%/h [22]. In addition, sulfolane has been employed in the context of rechargeable Li-ion batteries, being used both as a solvent and as an additive in the electrolyte [23,24,25]. Sulfolane molecules can adsorb on the working electrode modifying the electrode–solution interface. Xing et al., through molecular simulation studies for solutions consisting of sulfolane, dimethyl carbonate and LiPF6, reported that the oxygen atoms of the sulfolane molecule were strongly adsorbed on the substrate, while the carbonyl groups (coming from the solvent) were repelled when potential reaches sufficiently negative values, as is the case for sodium plating/stripping [26]. In addition, the behavior of the electrolyte was also reported to be a result of the strong interaction of sulfolane with the sodium cations. Another characteristic of sulfolane is its high electrochemical stability, reaching potentials above 5.8 V without decomposing [27,28,29]. However, sulfolane-based electrolytes show high viscosity, and, as a result, the wettability of the cathode is strongly affected. This is also a limitation for the transport of Na+ ions, particularly relevant for fast battery charging/discharging [24,28]. To minimize these deleterious effects, the use of sulfolane as an additive in Li electrolytes has been described. Cai et al. found that 2% sulfolane in the electrolyte increased, for a LiNi1/3Co1/3Mn1/3O2/graphite lithium-ion cell, the capacity of the initial discharge and the capacity retention, which changed from 53% to 63% after 100 cycles [30].



As far as we know, the use of sulfolane as an additive has not been described for Na-based batteries. Several mole fractions of sulfolane have been added to 1 M NaClO4/PC and the Na plating/stripping process has been studied on a copper substrate in a three-electrode cell. Figure 6 shows ten successive cycles for the Na+/Na process in contact with electrolytes containing mole fractions of sulfolane ranging from 0.02 to 0.10. As observed in Figure 6a, in the absence of sulfolane, Na can be deposited on Cu, but the Coulombic efficiency of the process is below 80% (Q− > Q+). However, when a 0.02 mole fraction of sulfolane is added to the organic electrolyte, the voltammetric behavior undergoes a significant change. During the first cycles the reversibility of the process is very poor, and it shows low Coulombic efficiency. However, as the number of cycles increases, the current densities also increase, achieving a quasi-stationary behavior in the last three cycles, as shown in Figure 6b. It is worth noting that the attained current densities are higher (almost twofold) for a sulfolane mole fraction of 0.02. However, if the concentration of sulfolane is increased up to a mole fraction of 0.10, the shape of the voltammogram changes drastically and the Na+/Na process is barely discernible. This is likely related to a partial gelation of the electrolyte. When the sulfolane mole fraction reaches a value of 0.20, the electrolyte is fully gelled (see a picture of the electrolyte in an inverted vial in Figure 6d) and no electrochemical experiments were carried out.



The improvement induced in the Na deposition process by the presence of sulfolane is related to the adsorption of the additive molecules on both copper and sodium, which is likely followed by their spontaneous reduction. Such an adsorption is probably favored at negative potentials because of the expected strong interaction of the additive molecules with the sodium ions. According to the literature, SO2 is adsorbed perpendicularly to the surface of Cu and the interaction between adsorbate and adsorbent can occur either through the S atom, or through the S atom and at least one of the O atoms (Figure 7a) [21,22,23,24,25,26,27,28,29,30,31,32,33,34]. The formation of this adlayer should further favor both the approach of the Na+ ions to the metal surface and their reduction, facilitating the Na+/Na plating process [35,36,37,38].



The results shown in Figure 6 for the 1 M NaClO4/PC electrolyte with sulfolane as an additive suggest a modification of the electrode-solution interface due to the adsorption of the sulfolane molecules on Cu (Figure 7b), which improves the Na+/Na process. Furthermore, sulfolane can also be involved in the formation of a stable SEI on the working electrode. By analogy with the behavior described for a Li-ion battery, the following unbalanced equation would be proposed [39]:


(CH2)4SO2 + Na+ + e → RSO3Na + Na2SO3



(6)







The progressive formation of an SEI according to Equation (6) would explain the evolution of the voltammetric current density with the number of cycles observed in Figure 6b. In situ and ex situ characterization with Raman spectroscopy and XPS, respectively, are also underway in our laboratory to shed light on this question.




3. Materials and Methods


3.1. Synthesis of Organic Electrolytes


NaCF3SO3 (NaTf, 98% TCI, Tokyo, Japan), NaSCN (≥98%, Fluka, CERN, Meyrin, Switzerland), NaClO4 (98%, Sigma Aldrich, Burlington, MA, USA) were dried at 100 °C in a vacuum oven overnight prior to use. Dimethoxyethane (DME), 1,4-dioxolane (DOL), and propylene carbonate (PC) were 99.8% anhydrous (Sigma Aldrich, Burlington, MA, USA) and were used as received. The organic electrolyte was prepared by dissolving the corresponding amount of sodium salt in the corresponding organic solvent. SO2 (99%, Air Liquide, Paris, France) was condensed at −18 °C and the required amount of additive was added as a liquid to the organic electrolyte. Sulfolane (99%, Sigma Aldrich, Burlington, MA, USA) was added as received to the organic electrolyte. After adding either SO2 or sulfolane, the electrolytes were stirred 30 min prior to characterization.




3.2. Electrochemical Measurements


Electrochemical tests were performed by means of a three-electrode electrochemical cell in which sodium metal pieces were used as reference and counter electrodes (sodium rods with dimensions 0.5 × 0.5 × 1 cm), while either copper foil or a sodium rod was used as a working electrode. The geometric area of the working electrode in contact with the electrolyte was of 1 cm2. The cells were assembled in a nitrogen-filled glovebox with a concentration of moisture and oxygen below 0.5 ppm. All the electrochemical experiments were run at room temperature, and a scan rate of 20 mV·s−1 was used for recording the CVs. An Origalys potentiostat-galvanostat (OGF-500) was used to carry out electrochemical experiments.





4. Conclusions


This work describes for the first time the use of SO2-based compounds as additives in organic electrolytes to enhance the sodium plating/stripping process. Relatively low mole fractions of SO2 in electrolytes such as NaTf/DOL:DME, NaSCN/DOL:DME and NaClO4/PC stabilize the Na+/Na process as revealed by the smaller changes experienced by the current-potential curves in the presence of the additive upon repeated voltammetric cycling. When bare copper is used as a substrate, the Coulombic efficiency for the Na plating/stripping process significantly improves in the presence of SO2. This is particularly relevant from a practical perspective as it means that it would be possible to assemble a battery with an anode-free configuration, avoiding the handling of sodium metal. Furthermore, an increase in the current density for sodium plating/stripping has also been observed when copper substrates with freshly deposited thin films of sodium were used, which indicates an enhancement of the electrolyte and interphasial properties in the presence of the additive. Similar results were obtained in the case of sulfolane as an additive in the NaClO4/PC electrolyte. Not only was an increase in the Coulombic efficiency observed when copper was used as a substrate, but also larger current densities were achieved for the same overpotentials (lower plating-stripping resistances) in comparison with the additive-free electrolyte. However, a larger amount of any of these additives in the electrolytes may lead to gel formation, thus seriously impacting on their viscosity and the efficiency of the electrochemical processes.



The improvement observed in most cases in the presence of the SO2-based additives is attributed to both the favorable interaction of the additive molecules with the sodium ions and the specific adsorption of the sulfur-containing molecule on the metal surface, which promote sodium deposition. In addition, the formation of an SEI on the sodium surface should be considered. In the case of SO2 as an additive, Na2S2O4 (Equation (5)) is expected to be the main component of the SEI, while RSO3Na and Na2SO3 would be present when sulfolane is added (Equation (6)). Further investigation is underway to confirm some of these hypotheses.



Finally, it is remarkable that both sulfur-based additives could be employed in the formulation of new organic electrolytes for sodium metal batteries, using either a sodium metal anode or an anode-free configuration. The additive mole fractions needed are relatively low, thus avoiding the main drawbacks of these compounds when used as solvents: corrosivity and high volatility (in the case of SO2) and high viscosity (in the case of sulfolane). From a practical perspective, it should also be considered that sulfolane can be handled more easily than SO2, which is a gas under normal conditions. In addition, the partial pressure of the additive in equilibrium with the electrolyte is much lower for sulfolane, favoring the stability of the solution under a wider range of conditions (relatively high temperatures).
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Figure 1. Cyclic voltammograms in the presence and the absence of SO2 for Na electrodes in different organic electrolytes: (a) 2 M NaTf/DOL:DME, (b) 1.6 M NaTf/DOL:DME; (c,d) 2 M NaSCN/DOL:DME and (e,f) 1 M NaClO4/PC at 20 mV s−1. 
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Figure 2. (a) CVs for the deposition of Na on Cu in 2 M or 1.6 M (in the presence of SO2) NaTf/DOL:DME at 20 mV·s−1 for different mole fractions of SO2. Pictures showing the sodium deposit morphology on Cu before (b) and after (c) adding a SO2 mole fraction of 0.02. Pictures (b,c) were obtained after applying a potential of −0.2 V vs. Na+/Na for 500 s. 
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Figure 3. (a) CVs for the deposition of Na on Cu in 2 M NaSCN/DOL:DME at 20 mV s−1 for different mole fractions of SO2. Pictures (b,c) show the sodium deposit morphology on Cu before (b) and after (c) adding an SO2 mole fraction of 0.10. They were taken after applying a potential of −0.2 V vs. Na+/Na for 500 s. 
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Figure 4. CVs for the deposition of Na on Cu in 1 M NaClO4/PC at 20 mV s−1 for several SO2 concentrations. 
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Figure 5. CVs for the Na+/Na process (on Cu) at 20 mV s−1 for mole fractions of SO2: (a) 0; (b) 0.05; (c) 0.10; and (d) 0.20 in 1 M NaClO4/PC. A thin film of Na was previously deposited in an additive-free electrolyte by applying a potential of −0.2 V for 500 s. 
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Figure 6. CVs at 20 mVs−1 for the plating/stripping of Na on Cu in 1 M NaClO4/PC with different mole fractions of sulfolane: (a) 0; (b) 0.02 and (c) 0.10. (d) Picture showing the aspect of a 1 M NaClO4/PC solution with a 0.20 mole fraction of sulfolane. 
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Figure 7. (a) Schematic representations for the interaction of (a) SO2 and (b) sulfolane with the Cu substrate. 
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Table 1. Plating-stripping resistance for sodium anodes in contact with three different electrolytes. Values for cycles 1 and 10 are given, together with the corresponding variation (  Δ  R  p s    ). Plating-stripping resistance (cycle 10) is also given upon the addition of different mole fractions of sulfur dioxide. * NaTf concentration was 1.6 M in the presence of SO2.
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Electrolyte

	
Rps(Cycle 1)/kΩ

	
Rps(Cycle 10)/kΩ

	
ΔRps/kΩ

	
XSO2

	
Rps(SO2)/kΩ






	
2 M NATf/

DOL:DME *

	
0.62

	
1.28

	
0.66

	
0.02

	
2.48




	
0.05

	
10




	
0.10

	
10




	
2 M NaSCN/

DOL:DME

	
1.1

	
1.72

	
0.62

	
0.02

	
2.0




	
0.05

	
2.27




	
0.10

	
2.50




	
0.20

	
7.69




	
1 M NaClO4/PC

	
0.34

	
0.39

	
0.05

	
0.02

	
1.05




	
0.05

	
1.05




	
0.10

	
0.68




	
0.20

	
0.41
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