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Abstract

Static differential capacitance (Cdc) at the liquid-liquid interface between ionic liquids (ILs) and eutectic Ga-In

alloy (EGaIn) has been measured using the pendant drop method for two ILs: 1-ethyl-3-methylimidazolium

tetrafluoroborate ([C2mim+]BF−4 ) and 1-octyl-3-methylimidazolium bis(nonafluorobutanesulfonyl)amide

([C8mim+][C4C4N−]). The potentials of zero charge for the IL|EGaIn interfaces are shifted compared with the

IL|Hg interfaces with an amount that can be considered by the difference in the work functions of EGaIn and

Hg. The measured Cdc at the [C2mim+]BF−4 |EGaIn interface has well reproduced the camel-shape potential

dependence of Cdc at the Hg interface of the same IL at the negatively charged potential region. This suggests

that there are few specific interaction between the IL ions with EGaIn and Hg. The [C8mim+][C4C4N−]|EGaIn

has been compared with the [C8mim+]BF−4 |Hg interface where IL-cation is the same but IL-anion is different.

Also in that case Cdc is similar to each other at the negatively charged potential region, which means that

accumulated C8mim+ ions at the interface mainly govern the Cdc behavior.

Keywords: electric double layer; interfacial tension; electrocapillary curve; potential of zero charge
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1 Introduction

Ionic liquids (ILs), which are liquid salts composed of cations and anions, have been extensively studied for

the possible electrochemical applications.1–4 Because of the nature of ILs that contain no neutral solvent

molecules, the conventional models5–7 for the electrical double layer (EDL) and the differential capacitance, C,

of electrolyte solutions are not applicable to ILs. Alternative models have been proposed for the EDL behavior

in ILs.3, 8–10 The models suggest that the dependence of C on the potential, E, for the EDL of ILs shows one-

hump or two-hump camel shape around the potential of zero charge, Epzc, depending on the size of charged

and neutral moieties of IL ions. The camel shape is significantly different from U shape in the conventional

models, reflecting the peculiarity of the EDL of ILs. In contrast to the progress of the understanding of the

EDL of ILs from the theoretical side, experimental confirmation of the predicted IL-peculiar behavior is not

straightforward. It has been found, from studies using electrochemical impedance spectroscopy (EIS), that

C for the EDL of ILs has strong frequency dependence11–18 and shows potential hysteresis,11, 19–21 both of

which seem to result from the structural ordering of IL interface22–29 and the ultraslow dynamics29–38 of such

ordered structure. These tendencies have hampered rigorous evaluation of C experimentally. One way to

avoid such troubles is to evaluate static differential capacitance, Cdc, in other words, C at equilibrium. Because

theoretically predicted differential capacitance is also static, experimental evaluation of Cdc is invaluable so

that we can compare experimental and theoretical behaviors, and obtain feedbacks for the improvement of the

theories.

Recently, we experimentally obtained Cdc from the thermodynamic analysis of the electrocapillarity

(interfacial tension, γ, as a function of E) at the IL|Hg interface using the pendant drop method.39, 40 The

pendant drop method is a static method unlike other methods such as EIS,41–50 drop time method,42, 44, 51–54

and drop weight method55 utilized to study the EDL of ILs, and therefore, the measurements are not affected

by the ultraslow dynamics described above. Cdc by the pendant drop method enabled us to reproduce the

one-hump39, 40 and two-hump39 camel-shape behavior predicted by the theories (see open symbols around

Epzc, vertical dotted lines, in Figs.2a and 2b, respectively). In addition to the predicted one, two unexpected

behaviors of Cdc was also found. One is steep rise in Cdc at potentials far from Epzc (see open symbols in

Fig.2). This phenomenon was also observed for the electrochemical interface between Hg and an aqueous

solution (W)56, 57 and is probably caused by densification of ions58 in the EDL for the IL case. The other

phenomenon was at potentials with moderate |E − Epzc| where Cdc deviates downward from the fitted curve

from the theories and shows a dip (see the downward deviation of open symbols from dashed lines in Fig.2).

The latter seems peculiar to ILs and is likely to result from the rigid structure of the ionic multilayers that

are stabilized to have alternating nature when the interface is charged up. The latter phenomenon might be

characteristic to Hg electrode due to possible specific interaction between IL-ions and Hg. To verify the

generality of the phenomenon, it is desirable to study Cdc for the EDL of ILs with other liquid electrodes.

In the present study, we adopted eutectic Ga-In (EGaIn), a liquid alloy, for the liquid electrode. Funda-
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mental electrochemical properties of the W|EGaIn interface has been studied for decades.59–65 The adsorption

behavior of surface-active molecules and ions in W was compared at the interfaces of EGaIn and Hg, revealing

that these two liquid electrodes show basically similar adsorption behavior with some difference.64, 65 With

regard to the electrochemistry of ILs, electrodeposition of Ga66–70 and In71–75 in ILs has been intensively stud-

ied. We will show in the present study that the Cdc behavior at the IL|EGaIn interface measured using the

pendant drop method reproduces that at the IL|Hg interface, supporting that the phenomena observed at the

IL|Hg interface are universal for the EDL in ILs.

2 Experimental

[C2mim+]BF−4 (Cnmim+: 1-alkyl-3-methylimidazolium) was purchased from Kanto Chemical and was used

without further purification. [C8mim+][C4C4N−] (C4C4N−: bis(nonafluorobutanesulfonyl)amide) was pre-

pared from synthesized39 [C8mim+]Cl− and purchased Li+[C4C4N−] (Mitsubishi Material), and then was puri-

fied.30, 76 Before measurements, volatile impurities were removed from the ILs by using a rotary oil pump for

more than 3 h at 60 ◦C. EGaIn (99.99%, Alfa Aesar) was stored in an 1M HCl aqueous solution. EGaIn was

washed with methanol and water to remove HCl and then dried in an Ar atmosphere just before use.

The details of the pendant drop method have been reported previously.39, 40 Briefly, a pendant drop

of EGaIn hanging from a glass tube immersed in IL was imaged and the outline of the drop was numerically

fitted with the theoretical curve. In the fitting, the densities, ρ, of IL and EGaIn were fixed and the interfacial

tension, γ, was evaluated as a variable parameter. The ρ values for [C2mim+]BF−4 and [C8mim+][C4C4N−]

were measured to be 1.279 and 1.505 g cm−3, respectively, at 25.0 ◦C by using a density meter (DA-505, KEM).

For the ρ value for EGaIn, 6.25 g cm−3 was taken from literature.77 An Ag wire coated with AgCl was directly

immersed in the IL as a quasi-reference electrode (QRE), and a Pt coiled wire as a counter electrode (CE). The

potential of the EGaIn working electrode (WE) with respect to the Ag/AgCl QRE, denoted as E, was controlled

using a PC-controlled potentiostat (HA1010mM1A, Hokuto Denko). At each potential, measurements were

continued for sufficiently long time, typically more than 5 min to equilibrate the interfacial structure at the

IL|Hg interface. The γ value that became independent of time was adopted as γ in equilibrium at the potential.

Measurements were performed at 25.0±0.1 ◦C. During the measurements, Ar gas was kept flowing on the IL

surface in the cell. To obtain the surface charge density on electrode, q (= −∂γ/∂E), the electrocapillarity data

was numerically differentiated. Quadratic least squares regression with weight from experimental error was

applied for each nine consecutive data points of γ and the slope of the regression curve at the potential of the

center data point was evaluated. Cdc (= ∂q/∂E) was similarly obtained from the E dependence of q.

3

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



3 Results and Discussion

Figures 1a and 1b show linear sweep voltammograms at the [C2mim+]BF−4 |EGaIn interface and the

[C8mim+][C4C4N−]|EGaIn interface, respectively. Both the interfaces show the potential window with a width

of around 2 V. During the positive-going scan, we observed small anodic current peaks at −1.75 (Fig.1a)

and −1.96 V (Fig.1b) and found that film is formed at the interfaces at potentials more positive than the peak

potential. The composition of the film is unclear, however, we consider that it is either Ga2O3
78 or salts of

Ga ion with the IL anions, insoluble to the ILs. The effect of the film formation on Cdc will be discussed in

Appendix. The discussion suggested that the measured Cdc is still valid for the evaluation of the EDL of the

ILs semi-quantitatively.

The electrocapillary curves at the [C2mim+]BF−4 |EGaIn interface (red square) and the [C8mim+][C4C4N−]|EGaIn

interface (blue diamond) are shown in Fig.1c. Also shown is the electrocapillary curve at the [C2mim+]BF−4 |Hg

interface (black open circle) from our previous study39 for comparison. The curves for the two EGaIn inter-

faces exhibited parabolic shape which is typical for electrocapillary curves as shown at the [C2mim+]BF−4 |Hg

interface (black open circle). Only negative branch of parabola was measured and the data at more positive

potentials was inaccessible due to the film formation. In spite of no distinctly observable apex of the parabola,

Epzc was roughly estimated to be around −0.8 V for the two EGaIn interfaces by the extrapolation of the q

vs. E plots to the q = 0 intercept.39, 40 The Epzc at the [C2mim+]BF−4 |EGaIn interface is −0.4 V shifted from

that at the corresponding Hg interface (−0.42 V).39 This shift is mainly caused by the difference of the work

functions between EGaIn (4.1-4.2 eV79) and Hg (4.49 eV80), because it is known that Epzc for the interface

between metal and an aqueous solution has linear relationship with a slope of unity with the work function of

metal.81 The γ value at Epzc for the EGaIn interface are 0.11 N m−1 higher than that for the Hg interface, when

compared for the same IL, [C2mim+]BF−4 (red square and black open circle). This γ difference agrees with

that between the surface tension of EGaIn (0.595 N m−1 at 32 ◦C62) and Hg (0.485 N m−1 at 25 ◦C82), implying

that little specific interaction between IL ions with both EGaIn and Hg, as is the case for the W interfaces of

EGaIn and Hg.59, 62

By numerically differentiating γ with respect to E twice, Cdc was evaluated. Figures 2a and 2b show

Cdc as a function of E at the [C2mim+]BF−4 |EGaIn interface (red square) and the [C8mim+][C4C4N−]|EGaIn

interface (blue diamond), respectively. Both show dips in Cdc at −1.3 V. These dips reproduce previous results

for the Hg interface of ILs,39 which are also shown in Fig.2. In Fig.2a, one can compare the Cdc for the

EGaIn (red square) and Hg (black open circle) interface of [C2mim+]BF−4 and may notice that the EGaIn data

significantly resembles to the Hg one with a shift of −0.65 V. Again, the negative shift is mainly ascribable to

the difference in the work functions for EGaIn and Hg. The amount of the shift is somewhat greater than that

roughly estimated from Fig.1c. The dip cannot be explained by the theories for the EDL of ILs as described in

Introduction. While the steep rise in Cdc at E ≪ Epzc was clearly observed for the [C2mim+]BF−4 |Hg interface

(black open circle), it is not discernible for the EGaIn interface (red square) within the measured potential
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range. This is probably also due to the potential shift and the Cdc would rise at more negative potentials.

In Fig.2b the [C8mim+][C4C4N−]|EGaIn interface (blue diamond) is compared with the Hg interface of

[C8mim+]BF−4
39 (black open square), an IL having the same cation (but different anion). Because cations are

accumulated and anions are depleted in the EDL at E < Epzc, the behavior of Cdc at E < Epzc is likely to be

affected more by the IL cation rather than the IL anion. Like the Fig.2a case, these Cdc data in Fig.2b resemble

each other with a −0.55 V shift for the EGaIn data. The similarity of the Cdc data at E < Epzc for the ILs having

the same cation suggests that Cdc is mainly determined by the IL cation at E < Epzc. On the other hand, the

Cdc behavior at E > Epzc for the Hg interface of [C2mim+]BF−4 (black open circle in Fig.2a) and [C8mim+]BF−4

(black open square in Fig.2b) is different, although both still exhibit dips in Cdc. BF−4 ions, accumulated at

E > Epzc, are smaller than the imidazolium cations, C2mim+ and C8mim+. In order to occupy the EDL and to

govern the Cdc behavior, smaller ions need greater |q|,83 and also greater |E −Epzc| unless the existence of small

ions leads to extraordinarily high Cdc. Therefore the smaller BF−4 anions are likely to need greater |E−Epzc| than

the imidazolium cations. The amplitude of the dips is deeper and broader for the [C8mim+][C4C4N−]|EGaIn

interface (blue diamond in Fig.2b) than the corresponding interface of [C2mim+]BF−4 (red square in Fig.2a).

This can be explained with the difference in the rigidness and stability of the EDL structure: C8mim+ ions form

rigid and stable ionic multilayers in the EDL with their octyl chain aligned perpendicular to the interface.44

In summary, the Cdc at the EGaIn alloy interface of ILs was evaluated by using the pendant drop method.

At potentials for the negatively charged interface, Cdc well reproduced previous data at the IL|Hg interface,

suggesting that specific interaction of IL ions with EGaIn and Hg are negligible and that the EDL structure of

ILs becomes rigid and decreases Cdc at moderately charged interface of ILs.
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Appendix

In the LSVs at the EGaIn interface of ILs, we observed positive current peaks due to film formation at the

interface. The contribution of the film to the Cdc measured using the pendant drop method was subtracted by

using the following procedure. The modified Cdc (Cdc,EDL described below) are semi-quantitatively similar

to the measured Cdc suggesting that the discussion in Results and Discussion, which was made based on the

measured Cdc, remains valid.

EIS can give us the differential capacitance under ac potential perturbation, Cac. In the present case,

Cac can be modeled as a series connection of the EDL component of IL, Cac,EDL, and that of the film, Cac,film.
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Therefore, Cac may be represented with the reciprocal sum of them as,

1
Cac
=

1
Cac,film

+
1

Cac,EDL
(A1)

Because the plots of Cac,EDL with respect to E exhibit featureless behavior,40 Cac,EDL is assumed to be

independent of E. On the other hand, it is known that Cac,EDL has strong frequency dependence as presented in

Introduction, and that is why it is valuable to evaluate Cdc by the pendant drop method. For the film, such be-

havior with respect to E and frequency can be regarded totally opposite; strong E dependence and no frequency

dependence. The former is based on the observation during the LSVs where film is formed only at potentials

more positive than the peak potential. For the latter general capacitive behavior is assumed. Since the film is

not formed at potentials more negative than the peak potential in the LSVs, we can evaluate the E independent

Cac,EDL from the averaged Cac values at such potentials: −2.1 ∼ −1.8 V for the [C2mim+]BF−4 |EGaIn interface

and −2.2 ∼ −1.95 V for the [C8mim+][C4C4N−]|EGaIn interface (see Fig.A1). From the Cac,EDL values, we

evaluate the E dependent Cac,film by using Eq. A1.

For Cdc, the reciprocal sum may be written similarly to the ac potential perturbation case,

1
Cdc
=

1
Cdc,film

+
1

Cdc,EDL
(A2)

By using the Eq. A2 combined with the measured Cdc and the evaluated Cdc,film (= Cac,film), Cdc,EDL can be

estimated.

EIS was performed to evaluate Cac with the electrochemical cell same as that for the pendant drop

method. To prevent the change in the interfacial area caused by the potential perturbation, the interface was

formed not as a drop shape but as a disk shape at the tip of the glass tube with an inner diameter of 2.0 mm. A

PC-controlled potentiostat (CompactStat, Ivium Technologies) was used with an ac potential amplitude of 10

mV and a frequency of 500 and 100 Hz for [C2mim+]BF−4 and [C8mim+][C4C4N−], respectively.

Cac was evaluated from the measured impedance, Z, by assuming a simple capacitor behavior as

Cac = −
1

ωIm[Z]A
(A3)

where ω is angular frequency and A is the interfacial area (3.1 mm2).

Figure A1 shows the estimated Cdc,EDL as a function of E along with Cac measured using ac voltammetry

and Cdc measured using the pendant drop method. The latter is the same as Cdc in Figs.2a and 2b. The

difference between Cdc,EDL and Cdc is not significant, demonstrating that the discussion of the EDL of ILs

using Cdc in Results and Discussion is valid semi-quantitatively.
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Figure captions

Fig. 1 (a,b) Linear sweep voltammograms at 0.1 V s−1 and (c) electrocapillarity at the [C2mim+]BF−4 |EGaIn

(red line, red squares) interface, the [C8mim+][C4C4N−]|EGaIn (blue line, blue diamonds) interface and

the [C2mim+]BF−4 |Hg (black open circles) interface39 measured by the pendant drop method with error

bars of one standard deviation. Vertical dotted lines are (a,b) at the potential where surface film is formed

and (c) at the potential of zero charge at the [C2mim+]BF−4 |Hg interface.

Fig. 2 Static differential capacitances as a function of the electrode potential (a) at the EGaIn (red squares) and

Hg (black open circles)39 interface of [C2mim+]BF−4 and (b) at the [C8mim+][C4C4N−]|EGaIn (blue dia-

monds) and [C8mim+]BF−4 |Hg (black open squares)39 interface with error bars of one standard deviation.

Dashed lines are fitted curves39 using the EDL model8, 9 of ILs. Vertical dotted lines are at the potential

of zero charge at the Hg interfaces.

Fig. A1 Differential capacitances as a function of the electrode potential (a) at the [C2mim+]BF−4 |EGaIn inter-

face and (b) at the [C8mim+][C4C4N−]|EGaIn. Red squares and blue diamonds are the measured static

differential capacitance, Cdc (same as those in Fig.2), black circles are the measured ac differential ca-

pacitance, Cac. Red open squares and blue open diamonds are the static differential capacitance for the

EDL of the ILs, Cdc,EDL.
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Fig.1 (Nishi et al.)
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Fig.2 (Nishi et al.)
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Fig.A1 (Nishi et al.)
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