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ABSTRACT :

 To examine the effects of a two-cation ionic liquid as an electrolyte component of a supercapacitor,

1,4-bis(3-methylimidazolium-1-yl)butane tetrafluoroborate (MIBBF4), dissolved in propylene carbonate

(PC) or acetonitrile (ACN), is newly synthesized and tested here for potential use as an electrolyte

of capacitor. The MIBBF4 salt exhibits higher ionic conductivity in ACN than in PC. The super-

capacitive properties of capacitors containing an activated carbon electrode and various electrolytes

are evaluated using cyclic voltammetry and electrochemical impedance spectroscopy. The capacitor

adopting the MIBBF4/ACN electrolyte shows the largest specific capacitance at low scan rates,

whereas the capacitor adopting the 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4)/ACN

electrolyte shows the largest specific capacitance at high scan rates.

Keywords: Supercapacitive property, Two-Cation salt, Activated carbon electrode, Cyclic voltammetry,
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1. Introduction

Recently, attempts have been made to improve energy

storage capacity to support exploration in the field of

material science. Electrochemical capacitors have been

proven to have high power density and cycle stability, which

are critical requirements for a good power source. Carbon

showing high conductivity and good chemical stability

is of great value for supercapacitor applications, particularly

given its low cost and availability in high purity. Several

studies have also been conducted for the improvement

of supercapacitive properties by matching carbon electrodes

with electrolytes having ionic liquid as a component.1-5)

Ionic liquid is advantageous in preparing a dried electrolyte

system suitable for electrochemical applications without

moisture for long periods of operation.6) It is generally

accepted that at least one ion has a delocalized charge with

one organic component to maintain its liquid form. In addi-

tion, the electrolytic activity in the ionic liquid strongly

depends on the substituent of the organic component

and the counterion.5,7) The most popular ionic liquids

are based on the couples of 1-ethyl-3-methylimidazolium

cation (EMI+), which has a cathodic stability of −1.8 V

vs. NHE, with several anions such as BF4
−, PF6

−, CF3SO3
−,

and so on. The effect of the amount of cation-anion couples

in the ionic liquid may be considered as a next step of

research.

In this study, 1,4-bis(3-methylimidazolium-1-yl)

butane tetrafluoroborate (MIBBF4) is newly synthesized

as a two-cation electrolyte component of a supercapacitor.

MIBBF4 salt is used in the dissolved state of the solvent,
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such as acetonitrile (ACN) and propylene carbonate (PC).

1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4)

dissolved in the same solvents is also used for comparison.

Thus, the four electrolyte systems of MIBBF4/PC, MIBBF4/

ACN, EMIBF4/PC, and EMIBF4/CAN are characterized

here for supercapacitor applications.

2. Experimental

1-Methylimidazole (Aldrich) was mixed with 1,4-dichlo-

robutane (Aldrich) in 30ml of ACN and the mixture was

refluxed for 48 h at 80oC. Then, the solvent ACN and

residue were removed using a vacuum evaporator at

70oC. The sample synthesized was then collected and

its structure was elucidated using 1H-NMR spectroscopy

(Varian Gemini 200 NMR). The structure of the sample

was identified as 1,4-bis(3-methylimidazolium-1-yl)

butane chloride. The collected compound was then dis-

solved in 30ml of acetone, and then NaBF4 was also added

for metathesizing. After stirring at room temperature for

24 h, a white precipitate was formed which was collected

by filtration, washed with water and dried in a vacuum oven

at 70oC for 24 h. Subsequently, the sample was purified

using Al2O3 in ACN to remove inorganic ion residues

such as Na+ and Cl-. The metathesized sample was finally

collected and the structure was again elucidated using
1H-NMR spectroscopy. The structure of the metathesized

sample was identified as a two-cation salt, MIBBF4. The

synthesized salt was dissolved separately in PC and

ACN such that 0.5mol dm−3 concentrations of electrolytes

were formulated. The same is true with the EMIBF4

(Aldrich) being dissolved separately with the two solvents.

The ionic conductivities of the four electrolytes were

then measured using electrochemical impedance spec-

troscopy. The concentration of salt in each electrolyte was

0.5 mol dm−3.

A 1 × 1 cm2 sheet electrode of activated carbon

powder was attached as an anode to a 5 × 10 cm2 aluminum

pouch. A separator (Rayon) wet with the electrolyte was

placed adjacent to the anode, which was then sandwiched

with another activated carbon powder sheet acting as a

cathode to make a supercapacitor cell. The resulting cell

containing anode/separator/cathode/separator in the

electrolyte was pressed using a vacuum sealer.

To examine the redox behavior of the fabricated

supercapacitor, cyclic voltammetry was carried out using

an Autolab instrument (Eco Chemie, PGstat 100) at

different scan rates of 20-400 mV s−1 within a potential

range of 0-2.75 V (vs. Ag/AgCl). A three-electrode cell

was used with Ag/AgCl (saturated KCl, 0.222V vs. SHE)

as a reference electrode, platinum as a counter electrode

and the activated carbon electrode as a working electrode.

Impedance measurement was also conducted in a three-

electrode cell using an Autolab instrument (Eco Chemie,

PGstat 100) within the frequency range of 10−2-105 Hz

at an applied potential of 1.4 V.

3. Results and Discussion

Fig. 1(a) shows the chemical structure of the synthe-

sized two-cation salt MIBBF4 with a molecular weight

of 393.92 g mol−1. The MIBBF4 salt bears two cations

and the EMIBF4 has one, where the molecular anion is

BF4
−. EMIBF4 is a common ionic liquid used in several

studies either in its neat form or in combination with other

ionic liquids or organic solvents,8-12) and it shows a good

influence on the capacitive performances of conductive

materials.3,13-16) With regards to its good qualities as an

electrolyte, the ionic conductivity and the effect on specific

capacitance of EMIBF4 are compared with the MIBBF4
dissolved in PC and CAN solvents. Ionic conductivities

of the four electrolyte systems, which are evaluated from

their impedance spectra, are summarized in Fig. 2. It can

Fig. 1. Chemical structures of (a) MIBBF4, (b) EMIBF4,

(c) PC, and (d) ACN.

Fig. 2. Room temperature ionic conductivities of MIBBF4

and EMIBF4 for different solvents of PC and ACN.
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be seen that the ionic conductivity is almost the same,

regardless of the kind of salt, when fixing the solvent.

Also, the ionic conductivity of the electrolyte adopting

ACN solvent is higher than that of the electrolyte

adopting PC solvent.

Raman spectroscopy study of ACN by Garcia et al.17)

indicates that the effect of changing the anion is more

important than that of the EMI+ cation, suggesting strong

sensitivity on the Lewis acidity of cations. However, a

polarity study of ionic liquid18) indicates that the most

important effect arises from the hydrogen bond basicity

given by the anion. Based on Fig. 2, there is almost no

significant difference between the ionic conductivities of

MIBBF4 and EMIBF4 dissolved in the same solvent. With

similar anions in both salts and with the difference in their

cationic species, the ionic conductivity results agree with

the previous reports.17,18) The obvious difference is that

the ionic conductivities of both salts are far higher in

ACN than in PC.

The judicious choice of a solvent is a fundamental step

in synthesis, because the outcome of a chemical process

might be heavily dependent on the characteristic features

of the reaction medium. PC and ACN are both polar aprotic

solvents, with dielectric constants of approximately 65

and 37.5, respectively. The dielectric constant of a liquid

is a simple single physical constant which helps to dis-

cern the ability of a solvent to favor ionic or polar species

appearing along the chemical reaction. The more impor-

tant parameters in different ionic liquids are the ones

related to dipolar and H-bond basicity. Neat PC shows

a negligible H-bond donating acidity, whereas the H-bond

accepting basicity and dipolarity/polarizability are sig-

nificant.19,20) However, PC can also act as Lewis acid/

base with an ionic liquid of 1-butyl-3-methylimidazolioum

hexafluorophosphate (BMIPF6), which demonstrates

higher ionic conductivity for a 2 : 8 mol% mixture of

BMIPF6 and PC.
21) The higher dielectric constant of PC

may be a cause for its poor H-bond donating acidity, and

the same can be true in the PC mixed with BMIPF6.

Although the dielectric constant of PC is much higher than

that of ACN, a molecular dynamic simulation shows the

advantage of possessing an amphiphilic nature allowing

itself distributed within the bulk of the ionic liquid because

CH3CN molecules can be found either close to the imida-

zolium ring and anion or close to the long alkyl chain.22)

In addition, the H-bond basicity/acidity of ACN is also

significant in the ion migration within solvent molecules.

An ideal cyclic voltammogram of a double-layer capaci-

tor is rectangular in shape. As shown in Figs. 3 and 4, the

carbon electrode exhibits typical double-layer capacitive

behavior. However, there are only slight slants on the

shapes for all carbon electrodes containing their respective

mixed salt electrolytes. As shown in Fig. 3, with images

obtained at the scan rate of 20mV s−1, the carbon electrode

demonstrates a shape nearer to a rectangular shape in

the low potential range. This implies that the ions are

effectively adsorbed or desorbed in accordance with the

applied potential within the electric double layer at the

electrode surface by the electrostatic force. As shown in

Fig. 4, the cathodic and anodic charging currents also

increase with increasing scan rates, implying the dependence

of capacitance on the scan rate and a pure capacitive

behavior. The slight slants are due to the Faradaic current

that is brought about by the presence of either carbonyl

or quinine functional groups which cause oxidation and

reduction reactions.

Specific capacitance values calculated from cyclic

voltammograms are shown in Fig. 5. The highest value

of capacitance (49.30 F g−1) can be obtained by the

electrode with MIBBF4/ACN electrolyte at 20 mV s−1.

This is still a concern with the capacitance dependence

of electroactive material on the dielectric media and also

with the better solvation property of ACN compared to

PC, which is discussed above. As the scan rate increases,

the capacitance decreases for all test electrodes, due to the

inner active sites that cannot sustain redox transitions

completely at higher scan rates. It can be suggested that

the specific capacitance obtained at the slow scan rate is

the closest to the full utilization of the electrode material.

As shown in Fig. 6(a), all the electrolytes demonstrate

similar characteristics, i.e., a line with a slight deviation

to a straight vertical line. The invisibility of any semicircles

Fig. 3. Cyclic voltammograms of carbon electrode at 20mV s
−1

in different electrolytes.
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in the spectra clearly indicates that the formulated mixed

salt electrolytes are better conductors and are therefore

strong electrolytes. The impedance spectra of electrolytes

only differ in their position in the frequency regions

wherein the electrolytes containing salts dissolved in

PC appear to be in the lower frequency region, compared

to the electrolytes with ACN as a solvent.

As shown in Fig. 6(b), all carbon electrodes exhibit

semicircles in the high frequency region and straight

lines in the low frequency region. However, the carbon

electrodes adopting MIBBF4/PC and EMIBF4/PC show

larger diameter semicircles, compared to the electrodes

adopting the electrolytes with ACN. Therefore, a larger

charge transfer resistance is exhibited by the carbon

electrode with electrolytes containing PC. The larger the

resistance, the poorer is the capacitive performance of the

electroactive material. This can be supported by a larger

specific capacitance which is obtained by the carbon

electrodes containing electrolytes with ACN solvent.

4. Conclusions

There is only slight difference in the ionic activities of

the electrolyte containing the newly synthesized salt

MIBBF4 and the electrolyte containing the standard salt

EMIBF4 when dissolved in the same solvent. This indicates

that the effect in changing the cation is less significant than

Fig. 5. Specific capacitance of carbon electrode at various

mixed salt electrolytes as a function of scan rate.

Fig. 4. Cyclic voltammograms of carbon electrode at different scan rates of 20-400 mV s
−1 with different electrolytes of (a)

MIBBF4/PC, (b) EMIBF4/PC, (c) MIBBF4/ACN, and (d) EMIBF4/ACN.
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changing the anion. Ionic conductivity values of both salts

are favorably high in the organic solvent CAN, which

is mainly attributed to the solvent’s amphiphilic nature

favoring its distribution on both the polar and the nonpolar

domains within the bulk of ionic liquids. However, a

higher specific capacitance value of the full cell carbon

electrode was displayed in the MIBBF4/ACN mixed salt

electrolyte compared to EMIBF4/ACN at lower scan rates

based on cyclic voltammetric measurements.
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13. A. Lewandowski, M. Galiński, J. Phys. Chem. Solids, 65,

281 (2004).

14. Y. Nagao, Y. Nakayama, H. Oda and M. Ishikawa, J.

Power Sources, 166, 595 (2007) .

15. H. Zhang, G. Cao, Y. Yang and Z. Gu, Carbon, 46, 30

(2008).

16. M. Egashira, Y. Matsuno, N. Yoshimoto and M. Morita,

J. Power Sources, 195, 3036 (2010).

17. H. C. Garcia, L. F. C. de Oliveira, B. G. Nicolau, M. C. C.

Ribeiro, J. Raman Spectr., 41, 1720 (2010).

18. J. L. Anderson, J. Ding, T. Welton and D. W. Armstrong,

J. Am. Chem. Soc., 124, 14247 (2002).

19. C. Laurence, P. Nicolet, M. T. Dalati, J. -L. M. Abboud

and R. Notario, J. Phys. Chem., 98, 5807 (1994).

20. J. -L. M. Abboud and R. Notario, Pure Appl. Chem., 71,

645 (1999).

21. J. Reiter, J. Vondrak, J. Michalek and Z. Micka,

Electrochim. Acta, 52, 1398 (2006).

22. S. S. Sarangi, W. Zhao, F. Müller-Plathe and S.

Balasubramanian, Chem. Phy. Chem., 11, 2001 (2010).

Fig. 6. Nyquist impedance plots of (a) mixed salt electrolytes

and (b) carbon electrode at different electrolytes.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


