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Electrochemical capacitors using fluorohydrogenate ionic liquids 

show a large voltage dependence of capacitance with a maximum 

at a charging voltage around 2.5 V, resulting in a larger 

capacitance than those using other typical ionic liquid electrolytes. 

The voltage dependence becomes less remarkable with decrease in 

the HF composition n in EMIm(FH)nF (EMIm: 1-ethyl-3-

methylimidazolium). Cyclic voltammetry using an activated 

carbon working electrode revealed that two redox reactions occur 

at the higher and lower potentials against the rest potential in 

EMIm(FH)2.3F. These Faradaic processes contribute to the voltage 

dependence of capacitance. 

 

 

Introduction 

 

Electrochemical capacitors are attractive energy storage devices because of their high 

power density and long lifetime (1) and can be classified into several types such as 

double-layer capacitor and redox capacitor, depending on the mechanism of energy 

storage. Activated carbon electrodes with a large surface area are usually used in double-

layer capacitors since energy is stored at the interface between the electrode surface and 

the electrolytic solution without Faradaic reactions.    

The higher achievable voltage for nonaqueous electrolytes (~3 V) compared to that 

for aqueous electrolytes (~1 V) is a great benefit to construct electrochemical capacitors 

with a large energy density, whereas their low conductivity increases the internal 

resistance. From the viewpoint of safety, flammability of the organic electrolytes is 

another drawback especially for their application to large-scale capacitors. Ionic liquids 

(ILs) have some unique properties including nonflammability and low vapor pressure and 
are potential electrolytes to replace the electrolytes in the present electrochemical devices 
(2,3). Fluorohydrogenate ILs contain fluorohydrogenate anion (FH)nF

− as anionic species 

and exhibit a high ionic conductivity, low viscosity, and low melting point compared to 

other ILs (conductivity: 100 mS cm−1 (at 298 K), viscosity: 4.9 cP (at 298 K),  and 

melting point: 208 K for EMIm(FH)2.3F (EMIm = 1-ethyl-3-methylimidazolium)) (4,5). 

The ratio of the anions, FHF−, (FH)2F
−, and (FH)3F

− is determined by the HF composition 

number n, and the vacuum-stable maximum composition n is 2.3 at 298 K in most cases 

regardless of the cationic structures (6-8). This HF composition number n in nonvolatile 

fluorohydrogenate ILs can be controlled in the range between 1.0 and 2.3 by removing 

HF at elevated temperatures (9). A recent study on the application of fluorohydrogenate 

ILs having five different cationic structures (three imidazolium-based and two 

pyrrolidinium-based cations) as electrolytes in electrochemical capacitors revealed that 

the capacitance of these capacitors is larger than those using other ILs such as EMImBF4 
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(10). They exhibit a significant voltage dependence of capacitance with a maximum 

around 2.5 V, whereas the capacitance drops steeply at higher charging voltages because 

of decomposition of the electrolyte. For some fluorohydrogenate ILs having a melting 

point lower than 233 K, charge-discharge cycles at low temperatures (233−298 K) were 

successfully performed. This work reports details on electrochemical behavior of 

activated carbon electrodes in fluorohydrogenate ILs to elucidate the large voltage 

dependence of capacitance.   

 

Experimental 

 

Synthesis 

 

The electrolyte, EMIm(FH)2.3F, was prepared by the reaction of EMImCl and excess 

anhydrous HF as reported in the literature (4,5). The fluorohydrogenate IL with a smaller 

n, EMIm(FH)1.8F, was prepared by removing HF at 348 K for 6 days. The HF 

composition was confirmed by elemental analysis and titration with an aqueous NaOH 

solution. The EMImBF4 IL electrolyte was purchased from Kanto Kagaku and dried 

under vacuum (< 1 Pa) at 373 K for two days. 

 

Electrochemical measurements 

Electrochemical measurements were performed at 298 K with the aid of an 

electrochemical measurement system HZ-3000 (Hokuto Denko). For a three-electrode 

test, activated carbon sheet [0.5 mm in thickness, 85 wt% of activated carbon from 

phenol resin (surface area: 2000 m2 g−1), 10 wt% of PTFE, and 5 wt% of carbon black] 

was cut into a piece (~10 mg) and fixed on a vitreous carbon lead. The reference 

electrode was made of silver wire immersed in EMImBF4 containing 0.05 M AgBF4 that 

was separated from the electrolyte by a window made of porous Vycor glass. Activated 

carbon (the same spec as that of the working electrode) was used as a counter electrode.  

 

A two-electrode cell made of PTFE was used for charge-discharge tests. A pair of 

activated carbon sheets (the same spec as for the three-electrode test) with a diameter of 

10 mm and 21 mg per each was used in this case. The electrodes dried under vacuum at 

453 K overnight are immersed in the electrolyte and degassed under vacuum before use. 

The PTFE filter (ADVANTEC H100A013A, 35 μm in thickness and 13 mm in diameter) 

was used as a separator. Vitreous carbon disks were used as current collectors.  

 

Results and Discussion 

       

      Figure 1 shows the structures of EMIm+, FHF−, (FH)2F
−, and (FH)3F

−. The two 

fluorohydrogenate ILs, EMIm(FH)2.3F and EMIm(FH)1.8F, are used as electrolytes in the 

current study, where EMIm(FH)2.3F contains (FH)2F
− and (FH)3F

− in the ratio of 7 to 3  

and EMIm(FH)1.8F contains FHF− and (FH)2F
− in the ratio of 2 to 8 (9).  

 

Figure 2 shows voltage dependence of capacitance obtained for EMIm(FH)2.3F and 

EMIm(FH)1.8F together with those of EMImBF4. Fluorohydrogenate ionic liquids show a 

significant voltage dependence of capacitance as reported in the previous study. 

Capacitance decreases with decreasing the HF composition n from 2.3 to 1.8 at all the 

charging voltages, suggesting the anion plays an important role in the high capacitance. 

Nevertheless, the capacitance observed for EMIm(FH)1.8F is still higher than that for 
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EMImBF4. The maximum capacitance for EMIm(FH)1.8F is 69% of that for 

EMIm(FH)2.3F. It should be noted that the voltage where the maximum capacitance is 

attained is reduced by decreasing n.  

 

 
 

Figure 1.  The structures of EMIm+, FHF−, (FH)2F
−, and (FH)3F

−. 

 

 
Figure 2. Voltage dependence of capacitance for the capacitors using EMIm(FH)2.3F, 

EMIm(FH)1.8F, and EMImBF4. The capacitor cell was charged and kept by a constant 

voltage mode at a given voltage for one hour and discharged by a constant current mode 

to 0 V at a current of 5 mA. Both the positive and negative electrodes weigh 21 mg.  
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Figure 3 shows discharge curves for EMIm(FH)2.3F and EMImBF4. For EMImBF4, 

the voltage decreases linearly from the given voltage to 0 V and the discharge curves are, 

roughly speaking, parallel to each other. This behavior reflects the small voltage 

dependence of capacitance for EMImBF4 as shown in Figure 2. The discharge curve for 

EMIm(FH)2.3F is also linear at the charging voltage of 1.5 V. In the cases of the charging 

voltages of 2.0 and 2.5 V, the slope of the discharge curve gradually becomes gentle and 

the discharge curve is almost linear after ten minutes. The slopes of the linear regions in 

the three discharges curves are not parallel to each other, resulting in the large voltage 

dependence of capacitance in Figure 2.   

 
Figure 3. Discharge curves of the capacitors using (a) EMIm(FH)2.3F and (b) EMImBF4. 

See the caption of Figure 2 for the experimental conditions. 
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      Figure 4 shows the retention rate of capacitance in the first 10 cycles for the capacitor 

using EMIm(FH)2.3F at the charging voltages of 2.0, 2.1, 2.2, 2.3 and 2.5 V. The retention 

rate reaches the maximum at the second or third cycle in any case and declines after that. 

The decline in retention rate is gentle at the charging voltage of 2.0 and 2.1 V and 

increase in charging voltage (> 2.2 V) accelerates the decline, which suggests that 

decomposition of the electrolyte occurs at the voltage more than 2.2 V. This result 

suggests that the voltage where the maximum capacitance is observed in Figure 2 does 

not directly correspond to the breaking-up voltage since the capacitance in Figure 2 is 

calculated from the result of one charge-discharge cycle and does not reflect the long-

term stability. The capacitance for EMIm(FH)2.3F at higher than 2.2 V may be 

determined by the balance of several factors including increase of capacitance and 

deterioration of the electrolyte.  

 

 
Figure 4 Retention rate of capacitance in the first 10 cycles for the capacitor using 

EMIm(FH)2.3F at the charging voltages of 2.0, 2.1, 2.2, and 2.5 V. 

 

Figure 5 shows cyclic voltammograms of an activated carbon electrode in (a) 

EMIm(FH)2.3F and (b) EMImBF4. For EMImBF4, the activated carbon electrode exhibits 

the typical behavior as an electrode in capacitors without an apparent Faradaic reaction in 

this range. For EMIm(FH)2.3F, the cathodic sweep from the rest potential (~−0.3 V) 

results in a reduction wave from −1.0 V, followed by the anodic sweep giving the 

corresponding anodic wave from  −0.5 V. The position of the anodic wave shifts towards 

the higher potential as the reversing potential becomes lower. According to a previous 

report (5), the cathodic limit of EMIm(FH)2.3F measured on a vitreous carbon electrode is 

~−1.9 V vs. Fc+/Fc, whereas the lower overpotential of hydrogen gas evolution on a Pt 

electrode results in a higher cathodic limit potential of −1.2 V vs. Fc+/Fc. In the present 

case, the cathodic wave is considered to be the reduction of (FH)nF
−, taking the case of 

the Pt electrode into account. The reduced species may be hydrogen atoms adsorbed on 

the electrode since the reversible reaction occurs in the cyclic voltammogram. The sweep 

to the higher potential against the rest potential gives another anodic wave rising from 0 
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V. This reaction might be assigned to fluorination of the surface functional groups on the 

activated carbon electrode. Although intercalation of fluorine atom is excluded in this 

case because of the poor layered structure of activated carbon, absorption of small 

fluorine atoms between disordered layers is another possible reason for this redox wave. 

These two redox waves are thought to contribute to the large voltage dependence of 

capacitance in Figure 2.  

 

 
Figure 5 Cyclic voltammograms of an activated carbon electrode in (a) EMIm(FH)2.3F 

and (b) EMImBF4. Scan rate: 0.2 mV s−1. 
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