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Neutral aqueous alkali sulfate has shown great interests for developing environmentally friendly high voltage and high energy supercapacitors. This work focuses on systematically investigating the properties of symmetric carbon/carbon supercapacitors in neutral aqueous alkali sulfates. At room temperature, the largest power and energy density were obtained with K 2 SO 4 electrolyte due to the smallest cation dimensions and highest electrical conductivity. At low temperature, aqueous Li 2 SO 4 electrolyte presents the best performance due to the largest solubility, allowing a long-term stability at temperatures ranging between 20 o C and -10 °C at a maximum voltage of 1.8 V. The excellent stability has been confirmed that capacitance retention achieves as high as 92% after 10,000 cycles.

The capacitance variations with temperatures could essentially result from kinetic diffusion barrier, ion dimension changes and fewer pseudo-capacitance contributions under different temperatures. This work highlights the selected virtues of different alkali sulfate electrolytes for enhanced supercapacitors.

1.Introduction

Enhancing energy density while keeping eco-friendly systems remains the primary challenge facing supercapacitors developers. This improvement can be easily realized by expanding the cell voltage since the energy stored is proportional to its square [1,2]. The voltage depends on the stability potential window of the electrolyte over a given electrode material [3]. In aqueous KOH or H 2 SO 4 , the operational voltage when using carbons electrodes is usually less than 1.0 V, whereas it is in the range of 2.5-2.7 V for organic electrolytes [4,5]. Unfortunately, the latter present serious drawbacks, such as low conductivity, moisture isolated building atmosphere and they are mainly prepared using environment unfriendly solvents as acetonitrile. Thus, aqueous electrolytes could be more attractive for supercapacitor industry when assembling with such electrolytes would reach the comparable energy density than the ones using organic electrolytes [6].

Lately, neutral aqueous electrolytes have been shown as a very promising alternative. For instance, the stability potential window of 0.5 mol L -1 Na 2 SO 4 solution over a porous carbon electrode can reach 2.0 V or even more [7,8]. Actually, it has been observed that the H 2 overpotential is higher in neutral aqueous electrolytes than in aqueous KOH or H 2 SO 4 [9]. Consequently, a practical voltage of 1.6 V during 10, 000 charge/discharge cycles has been obtained with a symmetric carbon/carbon capacitor in aqueous Na 2 SO 4 [8]. Even higher voltage of 2.2 V has been claimed when using 1 mol L -1 Li 2 SO 4 [10]. The reason announced for 2.2 V was the high hydration energy and that the equilibrium between protons and hydroxyl groups do not favor hydrogen or oxygen evolution due to the neutral-pH character in alkali sulfates solutions. According to Gao's results [11], the maximum cell voltage is essentially restricted by the positive electrode; when the positive electrode potential is too high, it leads to irreversible electro-oxidation on the active sites of the carbon electrode. A controlled chemical oxidation of carbon with hydrogen peroxide can help to push the maximum potential of the positive electrode to slightly lower values and by this way allows the maximum voltage to be slightly increased. Online electrochemical mass spectroscopy revealed that the activated carbon electrode in aqueous Li 2 SO 4 is oxidized already at 0.6 V with the evolution of minor amount of CO and CO 2 [12]. Overall, the use of alkali sulfates as electrolytes not only eliminates the disadvantages related to corrosion in aqueous electrolytes, but also it gives an opportunity to realize high energy density supercapacitors being eco-friendly, cost effective and safe.

However, further research works should be carried out in these media to realize supercapacitors with optimized performance. In fact, the main disadvantage of aqueous electrolytes is the "high" freezing point of water which might limit the operating temperature range [13]. However, low temperature operation of supercapacitors is mandatory for specific applications such as cold-starting in automotive [14]. In this work, we focus on investigating systematically different alkali sulfates, i.e., Li 2 SO 4 , Na 2 SO 4 , and K 2 SO 4 , as electrolytes in symmetric carbon/carbon capacitors. Moreover, electrochemical impedance spectroscopy (EIS) has been employed to analyze the ion diffusion behaviors in the electrolytes. We explored temperatures influence for electrochemical performance by picking -10 o C and 20 o C as two examples. The results will show that 2 mol L -1 Li 2 SO 4 is the best electrolyte for an optimum performance in the realization of low temperature operation.

2.Experimental

As electrode active material, a highly micro-porous activated carbon (AC, MeadWestvaco Co., USA) with a specific surface area of 2244 m 2 g -1 and small surface oxygen content i.e. 2.4 at% has been used. A more detailed characterization can be found elsewhere [8]. Pellet-type electrodes (1 cm diameter) were prepared by pressing a mixture of AC (80 wt%), acetylene black (10 wt%, pure black, Superior Graphite Co., USA), and PTFE (10 wt%, Aldrich) as binder. Electrochemical characterization has been carried out in three-and two-electrode cells by using cyclic voltammetry (2 mV s -1 ) and galvanostatic charge/discharge cycling (0.2 to 10 A g -1 ) with a VMP2 multichannel potentiostat/galvanostat (Bio-Logic, France). The electrolytes used were 0.5 and 2 mol L -1 Li 2 SO 4 , 0.5 mol L -1 Na 2 SO 4 and 0.5 mol L -1 K 2 SO 4 . Three-electrode cells were assembled by using a carbonbased pellet stuck onto a gold current collector with a graphite conductive adhesive 502 (13 wt%, Electron Microscopy Sciences Company, UK) as working electrode, Hg/Hg 2 SO 4 as reference electrode and a graphite rod as counter electrode. All potential values are expressed vs. normal hydrogen electrode (NHE). Two-electrode Teflon Swagelok ® cells were assembled with the carbon electrodes over gold current collectors separated by a glass fiber separator. The supercapacitor gravimetric capacitance in farads per gram (F g -1 ) was calculated from the galvanostatic charge/discharge cycling at a current density of 200 mA g -1 by using the Formula (1):

C = (2)I/[(dV/dt) m e ] ( 1 
)
where I is the current (A), dV/dt is the slope of the discharge curve (V s -1 ), m e is the mass of electrode (g). Electrochemical impedance spectroscopy (EIS) was realized over the symmetric twoelectrode capacitors using a VMP2 multi-channel generator (Bio-Logic, France). To acquire the AC impedance spectra at 0 V, amplitude of 10 mV was applied in the frequency range of 100 kHz to 0.01 Hz. Before starting the frequency scan, the capacitors were subjected to soaking at the applied potential of 0 V to stabilize the current.

3.Results and discussion

The stability potential window of different aqueous alkali sulfate-based electrolytes over the AC carbon has been firstly investigated using a three-electrode cell. For comparison purposes, Li 2 SO 4 , Na 2 SO 4 , and K 2 SO 4 solutions have been prepared with the same concentration, i.e. 0.5 mol L -1 . Fig. 1 shows the cyclic voltammograms (CV) recorded with a gradual decrease of negative potential cutoff, i.e., towards H 2 evolution (the theoretical values for water reduction are -0.325, -0.378, and -0.382 V vs. NHE for 0.5 mol L -1 Li 2 SO 4 , Na 2 SO 4 , and K 2 SO 4 , respectively). The maximum positive potential has been set at a value slightly lower than the theoretical one for O 2 evolution. The CV curves present quite similar in all three electrolytes. If the negative potential cut-off is higher than the value for water reduction, a rectangular shaped CV, typical of the electrical double-layer (EDL) charging, is obtained. When it becomes lower than theoretical reduction potential values, water is reduced, and the EDL formation takes place together with a pseudo-capacitive contribution related to electrochemically reversible sorption of nascent hydrogen inside the pores of activated carbon [9,15,16]. A noticeable hump appears around 0.4-0.5 V vs. NHE during the anodic sweep, owing to the electro-oxidation process of the stored hydrogen [11]. Pseudo-capacitance from reversible hydrogen storage might contribute effectively to the total capacitance in addition to the EDL capacitance. The negative current increases sharply from potentials below -1.0 V vs. NHE, indicating H 2 gas evolution and the plausible limit for negative polarization. Finally, we can estimate that the stability potential window of the AC carbon in 0.5 mol L -1 Li 2 SO 4 and K 2 SO 4 is around 2.0 V, as it was previously found for the same carbon material in 0.5 mol L -1 Na 2 SO 4 [7,8] (also included in Fig. 1).

However, the specific capacitance of symmetric AC/AC supercapacitors depends on the electrolyte used. The values calculated from galvanostatic charge/discharge at 200 mA g -1 are 98, 109, and 129 F g -1 for 0. 1).

Such differences are further confirmed by electrochemical impedance spectroscopy (EIS) which provides the resistance and capacitance of a supercapacitor from the frequency response [17][18][19].

Generally, a supercapacitor behaves like a pure resistor at high frequencies and a capacitor at relatively low frequencies [20,21]. The Nyquist plots for the symmetric AC/AC capacitors using aqueous 0.5 mol L -1 Li 2 SO 4 , Na 2 SO 4 and K 2 SO 4 as electrolytes are depicted in Fig. 2. The inset displays the expanded view in high frequency region of the same plot. As the construction of the three supercapacitors just differs on the electrolyte, the electrical series resistance (ESR) calculated from the intersection on the real axis of the Nyquist plot in the high frequency region should be mainly related to the bulk electrolyte conductivity [22]. The conductivity values of the three electrolytes measured at room temperature (20 °C) are listed in Table 1. As expected, the conductivity decreases when the size of the hydrated cation increased in the order K 2 SO 4 > Na 2 SO 4 > Li 2 SO 4 [23]. The inset of Fig. 1 confirms that the ESRs are inversely proportional to electrolyte conductivity. The equivalent distributed resistance (EDR), obtained with the linear projection from the vertical portion of the Nyquist plot to the real axis (Fig. 2), represents the ions diffusion through carbon pores. Table 1 shows that the EDR values vary inversely with the solvated cation radius of three electrolytes [24,25]. Finally, one can conclude that the cation diffusion through carbon pores dominates the capacitance and resistance (EDR) of those supercapacitors [26]. The resistance differences found for the supercapacitors operating in the different electrolytes will influence their power density because of the inverse correlation between power and resistance. Ragone plots, which describe the relation between power density and energy density, have been further employed to highlight the effects of electrolytes on the system performance. As a practical voltage of 1.6 V has been demonstrated with symmetric AC/AC capacitors in 0.5 mol L -1 Na 2 SO 4 [8], Fig. 3 depicts the Ragone plots obtained with symmetric AC/AC capacitors, at such a voltage, using aqueous 0.5 mol L -1 Li 2 SO 4 , Na 2 SO 4 , and K 2 SO 4 as electrolytes. The energy and power extractable at 10 s discharge time (see straight line in Fig. 3) are the largest in 0.5 mol L -1 K 2 SO 4 . It confirms that the main contributions for system overall resistance is the EDR (Fig. 2) [25]. Regarding the energy density, K 2 SO 4 presents the largest one because of the highest specific capacitance in this media. In conclusion, K 2 SO 4 seems to be the best neutral aqueous electrolyte in terms of energy and power density at room temperature.

In practice, low temperature performance of supercapacitors plays a significant role for some specific applications. Nevertheless, low temperature operation can be a problem when using aqueous electrolytes in reason of water freezing point. However, such freezing point can be reduced by the presence of a salt and the extent of such depression depends on the concentration of the solution. In this sense, Table 2 summarizes the solubility of Li 2 SO 4 , Na 2 SO 4 and K 2 SO 4 at 0 °C and 25 °C.

Whereas the solubility of K 2 SO 4 and Na 2 SO 4 diminishes when decreasing temperature, it is not much modified for Li 2 SO 4 . As a consequence, the Nyquist plots (Fig. 4) show that at -10 °C the AC/AC supercapacitors based on 0.5 mol L -1 K 2 SO 4 and Na 2 SO 4 behave as resistors in which respective ESR extracted at 10 kHz reaches 4025 and 4295 ohms. By contrasts, the supercapacitor using 0.5 mol L -1

Li 2 SO 4 , even if it presents a high resistance i.e. ESR of 72 ohm, has still some capacitive behavior.

As seen in Table 2, the solubility of Li 2 SO 4 is considerably higher than that of the other alkali salts especially at low temperature. In such a way, by using Li 2 SO 4 , it is possible to prepare more concentrated electrolytes and also to have a higher freezing point depression. The supercapacitor using 2 mol L -1 Li 2 SO 4 presents a typical capacitive behavior with a relatively low resistance i.e.

ESR of 1.5 ohm at temperatures as low as -10 °C (Fig. 4). In other words, the 2 mol L -1 Li 2 SO 4 solutions allow the freezing point of the electrolyte to be depressed, while keeping a good supercapacitor performance.

Since concentrated Li 2 SO 4 seems to be the most promising aqueous electrolyte for being integrated into commercial devices, we have more extensively investigating the electrochemical performance in such electrolyte at different temperatures, i.e. 20 °C and -10°C. Fig. 5(a) depicts CVs obtained for the AC carbon in a three electrode cell with a gradual shift of potential cut-off to more negative values i.e., towards H 2 evolution (the theoretical value of 20 o C is -0.35 V vs. NHE in aqueous 2 mol L -1 Li 2 SO 4 ). The general aspect of the CVs is comparable to those which have been obtained when using 0.5 mol L -1 Li 2 SO 4 (Fig. 1b). The stability potential window of the AC carbon is around 2.0 V, identical to the value found for the 0.5 mol L -1 one. [27], suggesting that more hydrogen was adsorbed into carbon porosity at higher temperatures. This fact fits well with the chemical character of the C-H bond; in other words, the temperature increase impacts positively in decreasing the kinetic barrier for hydrogen adsorption/desorption processes [27]. With the increase of temperature from -10 o C and 20 o C, the oxidation potential decreases from ca. 0.6 to 0.45 V vs. NHE (Fig. 5). Consequently, the over-potential for hydrogen electro-oxidation is lower at room temperature than that of -10 o C. This decrease of the over-potential is directly related to the lower ohmic drop because of a higher conductivity of the solution at higher temperatures.

Since more hydrogen was reversibly sorbed into carbons at higher temperatures and also is extracted at lower potential; it can be concluded that the pseudo-capacitive contribution to the total capacitance is larger in the case of 20 o C than that of -10 o C.

All the phenomena described above are also visible in the CVs recorded over symmetric AC/AC capacitors at 20 o C and -10 o C (Fig. 6). When the working voltages are lower than 1. becomes difficult for the ions to move towards the Helmholtz plane and consequently delivers a decrease of EDL capacitance [28]. The lower kinetic energy obtained from a lower temperature reduces the free spaces between Li + /SO 4 2-and water molecular. The activation energy for overcoming the diffusion resistance presents much higher than those of relatively higher temperatures as a proof of larger EDR and ESR values. The increase of diffusion resistance could be the reason for the capacitance decrease when temperature varies from 20 o C to -10 o C.

Long-term stability at 20 o C and -10 o C has been evaluated with galvanostatic charge/discharge cycling at a relatively high current density of 1 A g -1 during 10, 000 cycles (Fig. 8). At room temperature, the system shows a relatively good stability at 1.8 V. At such a cell voltage, the capacitance slightly decreases during the initial 1, 000 cycles and then it keeps almost constant until 10, 000 cycles. However, if the cell voltage is increased to 1.9 V, a pronounced capacitance loss of 30% takes place after 10, 000 cycles. Down to -10 o C, Fig. 8 shows that even if the initial capacitance is around 20 F g -1 smaller than that at room temperature, after 10,000 cycles only 8% of capacitance is lost when operating at 1.8 V, indicating lower corrosion involving than higher temperature of 20 o C. It can be therefore concluded that 2 mol L -1 Li 2 SO 4 as electrolyte allows a long cycle operation at temperatures ranging between 20 o C and -10 o C at a maximum voltage as high as 1.8 V. Hence, among the three alkali sulfates investigated, lithium sulfate is the most interesting one since it remains highly soluble at relatively low temperatures allowing AC/AC capacitors to operate with good electrochemical performance at -10 °C when using a 2 mol L -1 solution.

4.Conclusions

Symmetric carbon/carbon capacitors with neutral aqueous alkali sulfates have been systematically investigated. At room temperature, the highest power and energy density were obtained when operating in K 2 SO 4 due to the lowest ESR and EDR as a result of the smallest cation size and highest electrical conductivity, respectively, and of the higher capacitance. Actually, the order of capacitance was 0.5 mol L -1 Li 2 SO 4 < 0.5 mol L -1 Na 2 SO 4 < 0. 
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 5 Fig. 5(b) depicts the CVs obtained with the three-electrode cell at -10 o C. The water reduction peak during the cathodic scan and its anodic counter-part are less noticeable at -10 °C than at 20 o C

  2 V, pure capacitive behavior, typical rectangular shaped CVs, are obtained. More rectangular shaped CVs obtained at 20 o C than at -10 o C indicates that 20 o C is more favorable for EDL formation at electrolyte/carbon interface. Slight derivation from typical rectangular shaped curves at -10 o Creveals the larger resistance of system due to the viscosity increase and the conductivity decrease of lithium sulfate solutions with the temperature decrease. As a result, the specific capacitance at 1.2 V reaches 126 and 105 F g -1 when operating at 20 o C and -10 o C, respectively. Furthermore, more noticeable oxidation and reduction peaks are observed at 20 o C than those at -10 o C when working higher than 1.2 V (Fig.6). As described above, the reason is that more hydrogen is stored into carbons at 20 °C than at -10 °C leading to larger pseudo-capacitance. Consequently, the specific capacitance at 1.6 V achieves 137 and 116 F g -1 at 20 and -10 o C, respectively. The differences in capacitance obtained at cell voltages below 1.2 V, when only pure capacitive behaviors present at 20 o C or -10 o C, can be further clarified by EIS (Fig. 7). The ESR values extracted at 10 kHz show 0.61 and 1.50 ohm for 20 o C and -10 o C, respectively. The EDR values, relating with the diffusion of ions inside the pores of carbon, are 7.7 and 3.3 ohm in terms of -10 o C and 20 o C. Down to -10 o C, it
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 1 Figure 1. Three-electrode cyclic voltammograms (CVs, 2 mV s -1 ) of AC in (a) 0.5 mol L -1 Li 2 SO 4 , (b) 0.5 mol L -1 Na 2 SO 4 , and (c) 0.5 mol L -1 K 2 SO 4 . The loops are obtained by stepwise shifting the
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 212 Figure 2. Nyquist plots obtained with symmetric AC/AC capacitors. Electrolytes: 0.5 mol L -1Li 2 SO 4 , 0.5 mol L -1 Na 2 SO 4 and 0.5 mol L -1 K 2 SO 4 .
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 3 Figure 3. Ragone plots obtained with symmetric AC/AC capacitors working at 1.6 V applying current densities from 0.2 to 10 A g -1 . Electrolytes: 0.5 mol L -1 Li 2 SO 4 , 0.5 mol L -1 Na 2 SO 4 and 0.5 mol L -1 K 2 SO 4 .

Figure 4 .

 4 Figure 4. Nyquist plots of symmetric carbon/carbon capacitors in alkali sulfates at -10 °C.
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 5 Figure 5. Three-electrode cyclic voltammograms (CVs, 2 mV s -1 ) of AC in 2 mol L -1 Li 2 SO 4 at
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 6 Figure 6. Cyclic voltammograms (2 mV s -1 ) of symmetric AC/AC capacitors obtained at 20 o C (a) and -10 o C (b). Electrolyte: 2 mol L -1 Li 2 SO 4 .
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 7 Figure 7. Nyquist plots of symmetric AC/AC capacitors in 2 mol L -1 Li 2 SO 4 at 20 and -10 °C.
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 8 Figure 8. Evolution of the discharge capacitance of symmetric capacitors in 2 mol L -1 Li 2 SO 4 during galvanostatic charge-discharge cycling (1 A g -1 ) at 20 o C and -10 o C.
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  5 mol L -1 Li 2 SO 4 , Na 2 SO 4 , and K 2 SO

4 based supercapacitors, respectively. Such results indicate that the capacitance increases with the decrease of the hydrated cation size, i.e., Li + (3.81 Ǻ) > Na + (3.59 Ǻ) > K + (3.34 Ǻ) (see Table

Table 1

 1 5 mol L -1 K 2 SO 4 as the sequence of hydrated cation size (K + < Na + < Li + ). At low temperature down to -10 o C, Li 2 SO 4 based supercapacitors present the best performance. At -10 °C and the same electrolyte concentration, K 2 SO 4 and Na 2 SO 4 based capacitors show pure resistive behaviors while Li 2 SO 4 based one presents capacitive characteristics. Moreover, Li 2 SO 4 presents as an advantage of a great solubility which enable high concentrated solutions. A solution of 2 mol L -1 Li 2 SO 4 allows a long cycle operation at temperatures ranging between 20 o C and -10 °C at a cell voltage as high as 1.8 V. Therefore, the use of alkali sulfate solutions as electrolytes is a very promising strategy to produce environment friendly carbon/carbon supercapacitors, able to reach in the future the targeted energy and power density of organic electrolyte-based systems with acceptable temperature performance. The equivalent distributed resistance (EDR) obtained from Nyquist plots, solvated cation radius, and conductivity at room temperature of 0.5 mol L -1 Li 2 SO 4 , Na 2 SO 4 and K 2 SO 4[24,25].
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Table 2

 2 Solubility of alkali sulfates in water at 0 o C and 25 o C.

	Aqueous	Solubility	Solubility
	electrolyte	mol L -1 (0 o C)	mol L -1 (25 o C)
	Li 2 SO 4	3	2.7
	Na 2 SO 4	0.34	1.97
	K 2 SO 4	0.4	0.69
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