Miguel A Montiel 
  
José Solla-Gullón 
  
Vicente Montiel 
  
Carlos M Sánchez-Sánchez 
  
  
Electrocatalytic studies on imidazolium based ionic liquids: defining experimental conditions

The number of publications devoted to study electrochemical reactions in room temperature ionic liquids (RTILs) is constantly growing, but very few of them have been devoted to define proper experimental conditions to obtain reproducible electrochemical results. In this work, we demonstrate that the combination of a proper RTIL purification treatment and a filtered Ar gas stream allow to obtain featureless voltammograms in

, which otherwise present signals associated to different types of impurities such as water and some minor electroactive impurities acquired during the RTILs synthesis process. Moreover, we demonstrate that bubbling Ar, or other inert gas, through the electrolyte in order to purge O 2 dissolved in RTILs is one of the major sources of water and O 2 impurities incorporated at RTILs within the electrochemical cell. To overcome this source of water income, we have incorporated a gas stream purification filter before the gas reaches the RTIL in the electrochemical cell. To illustrate the effect of these impurities in relevant electrocatalytic studies, we study the electrocatalytic reduction of CO 2 on Pt nanoparticles and the key role of an appropiate filter when the CO 2 gas stream is bubbled within imidazolium based RTILs. Our cyclic voltammetric studies point out that CO 2 electroreduction on Pt nanoparticles only presents activity in [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ], thus suggesting that C-2 position at the imidazolium ring is not the key position in CO 2 electrochemical reduction. In contrast, the same Pt nanoparticles are inactive towards CO 2 electroreduction in [C 4 mim][BF 4 ], which is a more hydrophilic RTIL.

Introduction

Room temperature ionic liquids (RTILs) or low temperature molten salts [START_REF] Wilkes | [END_REF] have emerged as promising media to improve performance in electrochemical applications and devices. In particular, RTILs provide new interesting results in electrochemical sensors [2,3], electrosynthesis of organic compounds via alternative routes [4] and synthesis of functional materials with imidazolium-based RTILs for various and relevant applications [5][6][7][8]. In addition to this, the use of RTILs in the field of energy conversion and storage is a promising field, for instance, in redox flow batteries [9], supercapacitors [10] and electrocatalytic reactions such as oxygen reduction reaction [11], CO electrooxidation [12][13] and CO 2 electroreduction [START_REF] Sanchez-Sanchez | Encyclopedia of Interfacial Chemistry: Surface Science and Electrochemistry[END_REF][START_REF] Hanc-Scherer | [END_REF][16][17][18], among others. The increasing interest on this topic, which leads to thousands of publications per year, is not only owe to the particular physicochemical properties of RTILs [19][20], but also due to the particular interactions of the RTIL with the electrode surface [21] and the interesting co-catalyst role played by imidazolium cations, particularly 1-alkyl-3-methylimidazolium cations [C n mim + ], in some reactions like CO 2 electroreduction [22][23][24].

Experimental conditions for properly studying electrocatalytic reactions at nanoparticulated electrodes in aqueous media are well established in the literature [25][26][27]. Nevertheless, the relevant effect in RTILs electrochemical behavior of several experimental factors, which include temperature, water content and level of impurities [28][29][30][31] requires a strict control of those parameters. Usually, RTILs employed in electrocatalysis are chemically stable in the presence of air and moisture. However, they are not always pure and sometimes contain minor impurities acquired during the synthesis process such as Li + , K + or Cl -or sub-products of the previous synthesis of the precursors. For instance, if the selected cation is C 4 mim + , some methyl-imidazole or imidazole may be present. These impurities may cause coloration of the RTIL, can interfere with other reactants or even facilitate the decomposition of the RTIL. Consequently, some authors have proposed to eliminate them at the synthesis process [32]. Nevertheless, water absorbed remains as the most common impurity present in RTILs, since even hydrophobic RTILs absorb some. Thus, the presence of water and O 2 within the RTILs provoke a relevant impact on the electrochemical response of most electrode materials, and particularly in Pt electrodes [31] due to its high catalytic activity. In spite of the fact that the number of publications devoted to study electrochemical reactions in RTILs is constantly growing, very few of them have been devoted to define proper experimental conditions, which should allow to obtain reproducible results. So far, only a few examples of RTIL purification treatments have been reported in the literature [28][29][30]. Those are mainly based either on RTILs vacuum-dried at moderate temperatures (60-100 °C) for 24-48 h or impurities sequestration by molecular sieves. In most cases, those purification treatments are carried out before entering the RTIL in the electrochemical cell. In fact, no attention has been paid to potential sources of impurities incorporated within the electrochemical cell. However, unless working within a globe-box [33], it is difficult to hold water and O 2 contents significantly low all along the experiment. Interestingly, we have identified in this work the gas stream used to purge RTILs as one of the major sources of water and O 2 impurities incorporated at RTILs within the electrochemical cell. For this reason, we propose to restrict those impurities, coming from either inert or reactive gas streams, by incorporating a commercially available gas filter at the gas inlet of the cell. Moreover, we highlight the misleading role of minor electroactive impurities present in RTILs, as well as we propose to quantify the water content in the RTIL at the beginning and at the end of each electrochemical experiment by Karl-Fisher titration as a control experiment. Herein we study by cyclic voltammetry the gas stream purification effect in both inert (Ar) and reactive (CO 2 ) gases and the presence of minor electroactive impurities in RTILs using polycrystalline Pt and quasispherical Pt nanoparticles as electrode materials in three different ionic liquids,

[C 4 mim][BF 4 ], [C 4 mim][NTf 2 ], and [C 4 m 2 im][NTf 2 ]
. We demonstrate the effect of gas stream impurities is particularly relevant when an electrochemically reactive gas such as CO 2 is involved in the reaction and strongly depends on the hydrophilicity of the RTIL.

Experimental

Chemicals. Polycrystalline Pt electrode and Pt nanoparticles synthesis. Single crystal Pt beads obtained by fusion and subsequent slow crystallization of a Pt wire (99.95 %, 0.5 mm in diameter) were used to prepare polycrystalline Pt electrodes. The experimental details for the water-in-oil (w/o) microemulsion synthesis and subsequent surface cleaning of the quasi-spherical Pt nanoparticles are detailed in previous contributions [25][26]31].

Electrochemical measurements. The nanoparticulated Pt working electrodes were made by depositing a controlled volume (5 µL) of a sonicated aqueous suspension containing the synthesized Pt nanoparticles (0.0195 cm 2 µL -1 ) on a glassy carbon (GC) disc (3 mm diameter, 0.071 cm 2 geometric area). Pt polycrystalline electrodes were also used in some experiments. The electrochemical measurements were performed using a CHI910B or CHI760E bipotentiostat from CH Instruments. Pt wires were used as both counter and pseudoreference electrodes. All potentials have been referred to the ferrocenium/ferrocene (Fc + /Fc) potential scale, which is a well-accepted redox potential reference scale in RTILs [34]. All electrochemical measurements were done within a thermostatic jacketed electrochemical cell at 25 ºC to prevent temperature changes.

RTILs water content quantification. The water content in all RTILs studied here was quantified before and after each experiment by Karl-Fischer coulometric titration (C10SX from Mettler-Toledo). Measurement range (10 µg -200 mg). Titration RTIL samples of 3 g (H 2 O concentration detection limit = 4 ppm / 0.3 mM).

RTILs purification treatments.

In all cases, those treatments were carried out before entering the RTIL in the electrochemical cell. RTIL samples of 4 mL were treated in a 25 ml glass balloon connected to a vacuum pump (model E2M2 from EDWARDS with an ultimate pressure of 1 x 10 -3 mbar). Purification treatments used: (A) conventional vacuum-temperature treatment. RTIL vacuumdried for 24 h at 80ºC [35][36][37][38][39]; (B) vacuum-stirring treatment. RTIL vacuum-dried for 24 h at room temperature while stirring continuously at 800 rpm [29]; (C) molecular sieve-based treatment. Firstly, RTIL vacuum-dried for 6 h stirring at room temperature and secondly vacuum-dried for 18 h (no stirring) at 60ºC in the presence of molecular sieves (0.3 nm pore size) [28,30].

Gas stream purification treatment. Either Ar or CO 2 gas streams were used to purge RTILs within the electrochemical cell. Those gases were either directly bubbled into the RTIL solution or previously purified by passing them through a gas filter (model CP17973, Agilent) composed by Al 2 O 3 (50-75 %), MnO 2 (≤ 10%), CuO (≤ 10%), charcoal activated ( 10%), SiO 2 (≤ 3%) and NiO ( 1%). This filter mainly removes O 2 , H 2 O and hydrocarbons traces from any gas stream and provides a gas outlet containing  0.1 ppm H 2 O and < 50 ppb O 2 .

Results and Discussion

Table 1 summarizes the main results obtained when comparing all 3 different RTILs purification treatments pointing out that purification treatments (B) and (C) provide significantly lower final water contents than extensively used treatment (A). Actually, water removal from [C 4 mim][BF 4 ] using conventional vacuum-dried treatment at 80 ºC (62 ppm H 2 O, entry 1) is clearly enhanced by the vacuum-stirring treatment at room temperature (entries 2 and 3), which reaches between 32 and 41 ppm H 2 O depending on the initial H 2 O concentration present in the RTIL. Moreover, treatment (A) requires a subsequent cooling step before performing the electrochemical experiments and this may induce water contamination, if the system is not well-isolated. One of the main limitations to effectively remove water from RTILs is their intrinsic low diffusion coefficient due to the high RTILs viscosity, which make them difficult to get dried quickly. Therefore, including stirring during the vacuum purification treatment contributes positively. Table 1 shows how purification treatment (B) applied to more hydrophobic and less viscous RTILs such as [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ] allow to reach a much deeper moisture elimination, in both cases at the H 2 O detection limit of our Karl-Fischer titration ≤ 4 ppm (entries 4 and 5). The same B treatment was applied by O'Mahony et al. [29] to

[C 4 mim][BF 4 ], [C 4 mim][NTf 2 ], [C 4 m 2 im][NTf 2 ]
at 50°C obtaining water contents of 119, 144 and 295 ppm, respectively. These values are clearly higher than those here reported, especially when NTf 2 anion is present in the RTIL, which may be caused by the cooling step between the purification and the analysis or because those RTILs were initially too wet to be dried in only 24h. Table 1 also shows how treatment (C, entry 6) provides comparable results to treatment (B, entry 4) in terms of water removal. However, it is worth noting that the use of molecular sieves (zeolites with a defined pore size) in treatment (C) may also remove other minor impurities present in RTILs different than water as will be shown and discussed afterwards. Sweeny et al. [28] and Gnahm et al. [30] also used a similar purification method. They removed the voltammetric features associated to the presence of impurities by adding molecular sieves to the electrochemical cell under stirring. Unfortunately, they do not mention RTILs water content within the electrochemical cell, and a direct comparison with our results is not possible. In this sense, we have also noticed that if the molecular sieve-containing RTIL is stirred, this acquires a certain turbidity and, therefore, we have decided not stirring during the molecular sieve treatment.

Bubbling Ar, or other inert gas, through the electrolyte is a standard protocol in electrochemistry in order to remove O 2 dissolved. However, in the case of RTILs, may result inconvenient. In fact, after 30 min of Ar bubbling in [C 4 mim][BF 4 ], the H 2 O content very significantly increases from 30 to 580 ppm (entry 1, Table 2), which totally throws away any improvement reached during the RTIL purification treatment. Similar results were also observed in [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ] (data not shown). It is well-known that this uncontrolled increase in the water content not only modifies viscosity and narrows the electrochemical window, but also, dramatically affects the electrochemical response if the reaction under study is water-dependent or if water molecules are involved in the mechanism. To overcome this source of water income, we have incorporated a gas stream purification filter before the gas reaches the RTIL within the electrochemical cell. As shown in Table 2, the use of that gas filter warranties a constant and reproducible water content in all three imidazolium based RTILs studied. It is also worth noting that when a non-purified RTIL, for instance [C 4 mim][BF 4 ], is directly bubbled with filtered Ar (entry 2 in Table 2), the water content significantly diminishes from 200 ppm to similar values to those obtained by RTIL purification treatment B (entry 3, table 2). This points out that a well-dried gas stream can effectively remove most of the water of the RTIL in a short period of time. Thus, for [C 4 mim][BF 4 ], almost the same value of water is obtained after only 30 min of filtered Ar bubbling versus the 24h of treatment B (see Table 2). In the case of more hydrophobic and less viscous RTILs such as [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ], water content was only kept near the detection limit range when the gas filter was used (entries 4 and 5 in Table 2, respectively). A higher purity Ar gas was also tested for purging RTILs. But even under those high purity gas conditions, the filter is compulsory to keep water at low and constant values.

According to the supplier specifications, the commercially available gas filter used here is mainly composed by activated alumina, activated carbon and other metal oxides like copper, nickel or manganese. Each compound in the filter plays a different role and, for instance, the main responsible of drying the gas stream is the activated alumina, which is way more effective than regular molecular sieves (zeolites) of 3 or 4 Å in pore size. Despite that, if the only purpose is to dry out a gas stream, regular molecular sieves can be effectively used. In addition, these have the advantage of an easy regeneration through thermal treatment. However, for some gases such as CO 2 , 4 Å molecular sieves cannot be used because these also adsorb CO 2 and, consequently, CO 2 would be trapped within the zeolite porosity and their drying properties will be significantly reduced in a very short period of time. 1 and2, three main situations can be described; (i) purification treatment B and Ar gas directly bubbled within the electrochemical cell to purge the O 2 (red plots), (ii) untreated RTIL and Ar gas bubbled only after filtration (blue plots) and (iii) purification treatment B and Ar gas bubbled only after filtration (black plots). The results shown in figure 1A clearly demonstrate that only if RTIL purification treatment is performed and the Ar gas stream is filtered the corresponding voltammogram is electrochemically featureless (black plot). In contrast, if Ar gas is directly bubbled without being filtered, the corresponding voltammogram (red plot) shows an irreversible cathodic wave at -1.2 V and high currents at both cathodic and anodic limits. These new voltammetric features can be assigned to the increased presence of H 2 O described in Table 2 (from 43 ppm (black plot) to 580 ppm (red plot)), via direct reduction/oxidation or mediating other electrochemical processes. On the other hand, when purification treatment B is not applied before the electrochemical experiment, even though the Ar gas stream is filtered, two irreversible signals at about -1.2 and -0.6 V are observed (blue plot), which are absence if treatment B is carried out. This finding points out the importance of performing treatment B (stirring under vacuum at room temperature for 24h) to remove some volatile electroactive impurities. Interestingly, both cathodic and anodic potential limits are nearly identical when comparing black and blue plots in Fig 1A, which exhibit similar water content, 43 ppm (entry 3, Table 2) and 40 ppm (entry 2, Table 2), respectively. This is not always a common feature in experiments done using RTILs in different days and clearly indicates that if experimental conditions (mainly water content and Figures 1A and 1B demonstrate the important correlation between electrochemical response in voltammetry and the existence of RTIL purification treatments and a filtered gas stream for the case of an inert gas (Ar). But it would be even more relevant to discern that type of correlation when a reactive gas such CO 2 , which concentrates a lot of attention for electroreduction in RTILs [14-17, 22-24, 40], is evaluated. For this reason, Figure 1C displays the voltammetric results obtained comparing the effect of purging [C 4 mim][BF 4 ] with filtered and unfiltered CO 2 gas streams (entries 7 and 6 in table 2, respectively). For sake of comparison, the response obtained when [C 4 mim][BF 4 ] is pretreated using purification treatment B and purged with filtered Ar gas stream (final water content 50 ppm) is also included in Figure 1C (black plot). Subsequently, CO 2 is bubbled filtered (blue plot) and unfiltered (red plot). Thus, when the CO 2 is passed through the gas filter (blue plot, Figure 1C), the RTIL water content remains stable (aprox. 50-60 ppm) and the voltammetric response is basically identical to the one obtained when filtered Ar is used (black plot, Figure 1C). This finding points out that, under these conditions, the CO 2 electroreduction does not take place, that is, Pt nanoparticles are inactive towards CO 2 electroreduction in pure [C 4 mim][BF 4 ]. However, if the CO 2 gas is bubbled without the gas filter (red plot, Figure 1C), the voltammetric response displays, in the cathodic potential region, a clear reduction process with an onset potential at -0.9 V, as well as, in the positive going-sweep, a wide oxidation process centred at -0.71 V. Obviously, these new features should not be related to the CO 2 electrochemical reduction on Pt nanoparticles in [C 4 mim][BF 4 ], since the RTIL water content has been hardly modified. Actually, Karl-Fischer analyses (see Table 2, entry 6) clearly indicate that the water content significantly increases from 50 ppm to 3100 ppm due to the inappropriate use of an unfiltered CO 2 gas stream.

The high H 2 O uptake capacity of [C 4 mim][BF 4 ] from gas stream when gas filter is not used, could be related to its hydrophilicity. In fact, this RTIL is completely miscible with water and it is also able to absorb large quantities of H 2 O from the atmosphere [29] 1 and2), a pseudo reversible electrochemical signal at -1.37 and -1.05V is clearly observed indicating the presence of electroactive impurities that cannot be removed using the treatment B. However, if the molecular sieves based treatment (C) is performed (see experimental section for details), similar low water contents (entry 4, Table 2) are obtained and the corresponding voltammogram (black plot) do not show the presence of electroactive impurities and a well-defined featureless electrochemical response is reached. This electroactive impurity is probably a cation coming from the synthesis process of the [C 4 mim][NTf 2 ], which could be effectively trapped in the small pores of the molecular sieve (these are composed by zeolites and can exchange cations with the media).

After being able to obtain a featureless voltammetric response in [C 4 mim][NTf 2 ], CO 2 electrochemical reduction experiments were also performed as previously done in [C 4 mim][BF 4 ]. The results obtained using Pt nanoparticles are shown in figure 2B. Again, for sake of comparison, the response after purification treatment C and filtered Ar gas stream (water content below 4 ppm) is also included (black plot). As previously observed in [C 4 mim][BF 4 ], the electrochemical response seems to be strongly dependent on the RTIL water content. Thus, when the CO 2 is directly bubbled without being filtered, the water content remarkably increases from less than 4 ppm (black plot, Figure 2B) to 623 ppm (red plot, Figure 2B). At this respect, it is worth mentioning that the water content in [C 4 mim][NTf 2 ], for similar CO 2 bubbling condition (time and flux), is about 5 times lower than that obtained in [C 4 mim][BF 4 ] (623 vs 3100 ppm, respectively). This indicates that a hydrophobic RTIL has a lower tendency to absorb water from the gas stream. Under these conditions, the electrochemical response in Ar and CO 2 purged [C 4 mim][NTf 2 ] is clearly different and the voltammogram in the presence of CO 2 and higher water concentration show a current increase in the reduction region, with an onset potential at about -1.1 V and an anodic contribution centered at -0.75 V. However, if the CO 2 gas stream is filtered (blue plot, Figure 2B) and despite the water content remains very low (less than 4 ppm), the voltammetric response, in comparison with the one without CO 2 (black plot), also shows some particular features (a current increase in the reduction region, with a potential onset of -1.1V and an anodic peak at -0.6 V), which can be related to a certain CO 2 reduction activity. This situation seems to be different to the case of [C 4 mim][BF 4 ], where, for equivalent water contents, the voltammogram in presence of CO 2 is essentially similar to that without CO 2 (Ar saturated).

To complete this study, a similar analysis was also done in [C 4 m 2 im][NTf 2 ], which has the position 2 of the imidazolium ring blocked by a methyl group. This position has been extensively studied for its implications in the formation of hydrogen bonds with species like H 2 O [42]. Moreover, it was reported that CO 2 can form an adduct with the imidazolium ring in this C2-position [14-15, 22, 41, 43], which stabilizes the CO 2 anion radical intermediate. However, there is some controversy at this point, since it was also claimed that the C4-and C5-protons on the imidazolium ring are relevant positions for CO 2 catalytic reduction [24].

The behavior of a polycrystalline Pt electrode in [C 4 m 2 im][NTf 2 ] is shown in Figure 3A. As previously discussed in the case of [C 4 mim][NTf 2 ], purification treatment B is not effective enough against some electroactive impurities. For this reason, red plot in Figure 3A clearly shows the presence of an electroactive impurity. In contrast, purification treatment C is able to mostly remove this impurity and a featureless electrochemical response is achieved for [C 4 m 2 im][NTf 2 ] using filter Ar gas stream (black plot, Fig. 3A). In terms of water content (tables 1 and 2), these are very low and similar to those reported for [C 4 mim][NTf 2 ]. Figure 3B reports the voltammetric profiles obtained for CO 2 electroreduction on Pt nanoparticles. If the CO 2 gas stream is not filtered, the water content increases from less than 4 ppm (entry 5, Table 2) to 480 ppm (entry 11, Table 2) (this value is similar to that obtained with [C 4 mim][NTf 2 ] for similar bubbling conditions). Then, the voltammetric response using unfiltered CO 2 gas stream (red plot, Fig 3B ) shows an evident current increase in the reduction region (onset about -1.2) and an oxidation process centered at about -0.8 V. Similar features were observed in figure 2B for [C 4 mim][NTf 2 ]. In contrast, if the CO 2 gas stream is conveniently filtered, the water content remains very low (below 4 ppm) and the corresponding voltammetric response (blue plot, Fig. 3B), in comparison with that in the absence of CO 2 (Ar saturated, black plot, Fig. 3B) exhibits some particular features, which can be related to a certain CO 2 reduction activity. These findings clearly point out that, under controlled experimental conditions, the behavior of [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ] towards CO 2 electroreduction on Pt nanoparticles is essentially the same. Thus, suggesting that C2position on the imidazolium ring is not the key position towards CO 2 electrochemical reduction, since in both cases Pt nanoparticles have exhibited CO2 reduction activity in spite of the fact that C2-position is only available in the case of [C 4 mim][NTf 2 ].

Conclusions

The use of RTILs for electrocatalytic studies is a promising field. However, controlling some critical experimental parameters such as water content and temperature is necessary to properly understand the role played by gas reactants such as CO 2 in RTILs. In this contribution, we study the effect of different experimental conditions (RTIL purification treatment and RTIL gas stream purge within the electrochemical cell) by cyclic voltammetry for three different imidazolium based RTILs. In particular, 3 different pre-treatments have been performed to purify imidazolium based RTILs. In the case of [C 4 mim][BF 4 ], the vacuum-stirring treatment in combination with the use of a filtered gas stream within the electrochemical cell allow to reach a features voltammogram. In contrast, in the cases of [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ], the presence of some electroactive impurities was only removed using the molecular sieves based treatment in combination with a filtered gas stream within the electrochemical cell. Moreover, we have clearly demonstrated that controlling the water content is a critical parameter for evaluating electrocatalytic activity for CO 2 electroreduction reaction. This water content (measured by Karl-Fisher titration) must be controlled not only before, but also during the electrochemical test. In this regard, the use of a convenient gas filter has been demonstrated to be of outstanding importance for both, inert or reactive gases (Ar and CO 2 , respectively). Thus, under controlled experimental conditions, we have demonstrated that the CO 
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 1 Figure 1 illustrates the importance of controlling water content for electrocatalytic experiments in imidazolium based RTILs. In particular, Figure 1 reports the voltammetric response of a polycrystalline Pt electrode (Fig 1A) and Pt nanoparticles (Fig 1B) in Ar saturated [C 4 mim][BF 4 ] when different RTIL purification treatments and gas streams are used. According to the data shown in Tables1 and 2, three main situations can be described; (i) purification treatment B and Ar gas directly bubbled within the electrochemical cell to purge the O 2 (red plots), (ii) untreated RTIL and Ar gas bubbled only after filtration (blue plots) and (iii) purification treatment B and Ar gas bubbled only after filtration (black plots). The results shown in figure1Aclearly demonstrate that only if RTIL purification treatment is performed and the Ar gas stream is filtered the corresponding voltammogram is electrochemically featureless (black plot). In contrast, if Ar gas is directly bubbled without being filtered, the corresponding voltammogram (red plot) shows an irreversible cathodic wave at -1.2 V and high currents at both cathodic and anodic limits. These new voltammetric features can be assigned to the increased presence of H 2 O described in Table2(from 43 ppm (black plot) to 580 ppm (red plot)), via direct reduction/oxidation or mediating other electrochemical processes. On the other hand, when purification treatment B is not applied before the electrochemical experiment, even though the Ar gas stream is filtered, two irreversible signals at about -1.2 and -0.6 V are observed (blue plot), which are absence if treatment B is carried out. This finding points out the importance of performing treatment B (stirring under vacuum at room temperature for 24h) to remove some volatile electroactive impurities. Interestingly, both cathodic and anodic potential limits are nearly identical when comparing black and blue plots in Fig 1A, which exhibit similar water content, 43 ppm (entry 3, Table2) and 40 ppm (entry 2, Table2), respectively. This is not always a common feature in experiments done using RTILs in different days and clearly indicates that if experimental conditions (mainly water content and

  . On the contrary, [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ] are not miscible with water and have less capacity of absorb H 2 O from the atmosphere. In this way, in order to correlate the capacity of water absorption from a gas stream and the hydrophilic or hydrophobic character of a RTIL, equivalent experiments to the ones performed in [C 4 mim][BF 4 ] were also done in [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ]. It is also worth noting that these two RTILs are also widely used for CO 2 electro-reduction in numerous contributions[40,41].

Figure 2A (

 2A Figure 2A (red plot) shows the voltammetric response of a polycrystalline Pt electrode in [C 4 mim][NTf 2 ] after purification treatment B and using a filtered Ar gas stream. Despite a very low water content (see Tables1 and 2), a pseudo reversible electrochemical signal at -1.37 and -1.05V is clearly observed indicating the presence of electroactive impurities that cannot be removed using the treatment B. However, if the molecular sieves based treatment (C) is performed (see experimental section for details), similar low water contents (entry 4, Table2) are obtained and the corresponding voltammogram (black plot) do not show the presence of electroactive impurities and a well-defined featureless electrochemical response is reached. This electroactive impurity is probably a cation coming from the synthesis process of the [C 4 mim][NTf 2 ], which could be effectively trapped in the small pores of the molecular sieve (these are composed by zeolites and can exchange cations with the media).

Figure 1 .

 1 Figure 1. Cyclic voltammograms in [C 4 mim][BF 4 ] after following different experimental procedures. (A) Polycrystalline Pt electrode and (B and C) Pt nanoparticles. In figures 1A and 1B, (red plots) correspond to purification treatment B and Ar gas stream without being filtered, (blue plots) correspond to untreated RTIL and filtered Ar gas stream and (black curves) correspond to purification treatment B and filtered Ar gas stream. Green plot in Figure 1B corresponds to the bare GC electrode response. Water concentration in Figure 1B plots is 76, 70, 580 and 72 ppm for black, blue, red and green plots, respectively. In figure 1C, (red plot) corresponds to purification treatment B and CO 2 gas stream without being filtered, (blue plot) corresponds to purification treatment B and filtered CO 2 gas stream and (black plot) corresponds to purification treatment B and filtered Ar gas stream. Scan rate in all cases 50 mV/s.

Figure 2 .

 2 Figure 2. (A) Cyclic voltammograms of a polycrystalline Pt electrode in [C4mim][NTf2]. (Red plot) purification treatment B and filtered Ar gas stream and (black plot) purification treatment C and filtered Ar gas stream. (B) Cyclic voltammograms at Pt nanoparticles in [C4mim][NTf2]. (Black plot) purification treatment C and filtered Ar gas stream, (blue plot) purification treatment C and filtered CO2 and (red plot) purification treatment C and unfiltered CO2 gas stream. Scan rate in all cases 50 mV/s.

Figure 3 .

 3 Figure 3. (A) Cyclic voltammograms of a polycrystalline Pt electrode in [C 4 m 2 im][NTf 2 ]. (Red plot) purification treatment B and filtered Ar gas stream and (black plot) purification treatment C and filtered Ar gas stream. (B) Cyclic voltammograms at Pt nanoparticles in [C 4 m 2 im][NTf 2 ]. (Black plot) purification treatment C and filtered Ar gas stream, (blue plot) purification treatment C and filtered CO 2 and (red plot) purification treatment C and unfiltered CO 2 gas stream. Scan rate in all cases 50 mV/s.

Table 1 .

 1 2 electroreduction on Pt nanoparticles in [C 4 mim][BF 4 ] is negligible. In contrast, a clear CO 2 activity is exhibited in [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ]. A very similar electrocatalytic behavior for CO 2 reduction is reported in [C 4 mim][NTf 2 ] and [C 4 m 2 im][NTf 2 ], which suggests that C-2 position at the imidazolium ring is not the key position in CO 2 electrochemical reduction on Pt nanoparticles. H 2 O content quantification in RTILs by Karl-Fischer titration before and after applying different RTIL purification treatments outside the electrochemical cell to 4 mL samples.

	RTIL	Initial [H 2 O]/ ppm	Vacuum Time / h	Molecular ve time / h	T /°C	al [H 2 O]/ppm reatments	Entry
	[C 4 mim][BF 4 ]	200	24	-	80	62	A	1
	[C 4 mim][BF 4 ]	200	24	-	R.T.	32	B	2
	[C 4 mim][BF 4 ]	413	24	-	R.T.	41	B	3
	[C 4 mim][NTf 2 ]	200	24	-	R.T.	≤ 4	B	4
	[C 4 m 2 im][NTf 2 ]	732	24	-	R.T.	≤ 4	B	5
	[C 4 mim][NTf 2 ]	200	6 -	-18	R.T. 60	≤ 4	C	6

Table 2 .

 2 H 2 O content quantification in RTILs by Karl-Fischer titration before and after applying different RTIL purification treatments outside the electrochemical cell to 4 mL samples and after purging them with either Ar or CO 2 gas streams within the electrochemical cell.

	RTIL	Initial [H 2 / ppm	O]	Purification treatment	[H 2 O] after purification / ppm	Bubbling time/ min	Gas	Gas filter	purge /ppm [H 2 O] after gas	Entry
	[C 4 mim][BF 4 ]	200		B	30	30	Ar	No	580	1
	[C 4 mim][BF 4 ]	200		-	200	30	Ar	Yes	40	2
	[C 4 mim][BF 4 ]	210		B	40	30	Ar	Yes	43	3
	[C 4 mim][NTf 2 ]	200		C	≤ 4	30	Ar	Yes	16	4
	[C 4 m 2 im][NTf 2 ]	740		C	≤ 4	30	Ar	Yes	≤ 4	5
	[C 4 mim][BF 4 ]	210		B	50	30	CO 2	No	3100	6
	[C 4 mim][BF 4 ]	210		B	50	30	CO 2	Yes	60	7
	[C 4 mim][NTf 2 ]	190		C	≤ 4	30	CO 2	Yes	≤ 4	8
	[C 4 mim][NTf 2 ]	190		C	≤ 4	30	CO 2	No	623	9
	[C 4 m 2 im][NTf 2 ]	740		C	≤ 4	30	CO 2	Yes	≤ 4	10
	[C 4 m 2 im][NTf 2 ]	740		C	≤ 4	30	CO 2	No	480	11
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