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ABSTRACT: The structure of the interface between room temperature ionic liquids (RTILs) 

and an Au electrode changes with applied potential to compensate the charge on the electrode 

surface. The dynamics of the restructuring of RTILs triggered by the change in potential has 

been investigated by using surface-enhanced infrared absorption spectroscopy (SEIRAS). To 

elucidate the effect of steric hindrance of constituent ions on the potential-dependent dynamics, 

RTILs composed of differently sized ions are examined: imidazolium cations and 

bis(perfluoroalkylsulfonyl)amide anions with different (perfluoro)alkyl chain length, or 

tetrafluoroborate anion. The high interface selectivity and sensitivity of SEIRAS enables in-situ, 

real time observation of dynamic behaviors of both anions and cations during potential scans or 

steps. During potential scans for RTILs composed of sufficiently large ions (all the RTILs 

examined in the present study except for that includes BF4
-), a fast, barrier-less change in local 

ion concentration occurs in the overlayers first, and then a slow cation-anion replacement occurs 

in the first ionic layer directly contacting with the electrode surface when an overpotential 

exceeding a critical value is applied. SEIRAS reveals hysteretic changes of the interfacial 

structure arising from the ion replacement in the first ionic layer. Potential-dependent SEIRAS 

measurements for RTILs with different ion sizes highlight the significance of steric hindrance of 

ions for the ion replacement in the first layer. 
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HEIGHLIGHT  

> Dynamics of ionic liquid/Au electrode interfaces were investigated by SEIRAS. 

> Differently sized ions were examined to highlight the effect of steric hindrance. 

> Hysteretic potential dependence of SEIRAS indicates the barrier for ion replacement. 

> Larger ions show higher activation barriers for replacement of the first ionic layer.  
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1. Introduction 

Room temperature ionic liquids (RTILs), liquid salts at ambient temperature composed purely 

of cations and anions, have received significant interests as promising electrolyte materials for 

electrochemical energy devices such as batteries and super capacitors. Their fascinating 

properties, including high thermal stability, wide electrochemical windows, and high ionic 

conductivity, are expected to improve the performance and safety of electrochemical devices [1-

5]. The RTIL/electrode interface, where electrochemical reactions occur, plays crucial roles in 

such applications, and hence molecular level description of the interface is necessary for 

improving the performance of the devices. Gouy-Chapman-Stern (GCS) theory, a conventional 

model for the electrical double layer at solid/liquid interfaces relying on the dilute-solution 

approximation, is not directly applicable to RTILs that are full of ionic species [6-8]. 

Alternatively, multiply-ordered  layers of ions or ion pairs have been proposed as a model for the 

RTIL/electrode interface based upon force curve measurements using atomic force microscope 

(AFM) [9] and X-ray reflectivity measurements [10], but the details are still under debate [11-

13]. 

The interfacial structure under static conditions has been studied using surface-selective 

spectroscopies and scanning probe microscopies (SPM). Recent studies with infrared reflection 

absorption spectroscopy (IRAS) [14, 15], sum frequency generation (SFG) [16-19], surface-

enhanced Raman spectroscopy [20, 21], and surface-enhanced infrared absorption spectroscopy 

(SEIRAS) [22-26] revealed the adsorption of cations on negatively charged electrode surfaces 

and the replacement of the cations by anions on positively charged surfaces accompanied by a 

potential-dependent reorientation of the ions. SPM has visualized irreversible morphological 
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changes of the electrode surface [27, 28] and potential-dependent changes in periodical 

distribution and mobility of ions over the electrode surface [29-31]. 

Dynamic behaviors of ions induced by potential changes have also been reported. Cyclic 

voltammetry (CV), chronoamperometry [32], electrochemical impedance spectroscopy [33], and 

surface plasmon resonance (SPR) [34] measurements showed very slow relaxation of the electric 

double layer taking several seconds to tens of minutes. This time scale is much longer than 

observed at aqueous solution/electrode interfaces (ms to µs time-scale responses [35]). 

Hysteretic potential-dependence of interfacial restructuring was also observed for some RTILs 

by electrochemical impedance [33], X-ray reflectometry [36, 37], SFG [18, 19], and SEIRAS 

[24-26].  

Since physical properties of RTILs highly depend on the constituent ions, the structures and 

dynamics of ions at the electrochemical interface are also expected to depend on the constituent 

ions. However, no systematic spectroelectrochemical studies have been reported in literature. In 

the present study, we investigate hysteretic behaviors of ions near the interfaces between various 

RTILs and a gold electrode to discuss structural effects of constituent ions on the dynamics by 

using SEIRAS, a powerful vibrational spectroscopic tool to investigate the electrochemical 

interface. Since the SEIRA effect is significant at the surface and fades away within a few 

monolayer distance from the surface [38], the background absorption of the bulk RTILs probed 

by an evanescent wave that penetrates into the bulk solution can completely be eliminated by 

taking potential difference spectra [39, 40]. The RTILs composed of different combinations of 

cations and anions depicted in Scheme 1 are used in the present work: 1-butyl-3-

methylimidazolium (C4mim), 1-octyl-3-methylimidazolium (C8mim), and 1-dodecyl-3-

methylimidazolium (C12mim) as the cation, and bis(trifluoromethanesulfonyl)amide (TFSA), 
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bis(nonafluorobutanesulfonyl)amide (NFSA), and tetrafluoroborate (BF4) as the anion. From a 

comparison of [C4mim][TFSA], [C8mim][TFSA], and [C12mim][TFSA], the size effect of the 

neutral alkyl chain of the cation is addressed, whereas the size effect of the anion is addressed by 

comparing [C4mim][TFSA], [C4mim][NFSA], and [C4mim][BF4]. We will show that the steric 

hindrance of ions and ion-ion interactions are decisive factors rather than ion-electrode 

interaction for hysteretic replacement of the ions in the first layer. 

2. Experimental 

[C4mim][TFSA] and [C4mim][BF4] (Iolitec, 99 %) were purified by column chromatography 

[41] and dried in vacuum at 80 °C for overnight to eliminate water and other gaseous 

contaminants. [C8mim][TFSA], [C12mim][TFSA], and [C4mim][NFSA] were synthesized by the 

method described elsewhere [42, 43] and dried in vacuum as for [C4mim][TFSA] and 

[C4mim][BF4] just before using. 

Potentials of zero total charge (pztc) of a gold wire electrode (Ichimura metals, 99.95 %, 

diameter of 0.5 mm) in the RTILs were measured by the electrode immersion method [44], in 

which the charge of the electrode surface, q, was obtained by integrating the current flowed after 

immersing the Au electrode into the RTILs at a fixed applied potential E. The measurement of 

the current was repeated for 10 times at each potential E and the averaged q value was plotted 

against E. The potential at which the q-E plot crosses the zero line, i.e., pztc, was obtained by 

linear least square fitting. A platinum mesh was used as a counter electrode. An Ag/Ag+ 

electrode, a silver wire immersed in RTILs saturated with AgCF3SO3 and separated from the 

analyte with a Vycor glass filter, was used as a reference electrode. Potential is quoted with 

respect to the redox potential of ferrocene (Fc/Fc+) throughout the paper. Electrode potential was 
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controlled by a potentiostat (BAS, model 2323). All the measurements were performed in a 

vacuum chamber (1 × 10-6 Torr). 

In SEIRAS measurements, a polycrystalline Au thin film deposited on a nondoped Si 

hemicylinder prism (Pier Optics) by an electroless deposition technique [45] was used as the 

working electrode. The Au-coated prism was attached, via a vacuum O-ring (Kalrez®), to a 

vacuum compatible glass cell equipped with a Pt wire quasi reference electrode and a Pt mesh 

counter electrode. The Au thin film electrode surface was cleaned by repeating potential cycles 

in 0.01 M H2SO4 aqueous solution until stable voltammograms were obtained, which was 

followed by rinsing with pure water and drying in a vacuum dryer. After filling up with pre-

evacuated RTILs, the spectroelectrochemical cell was evacuated to 5 × 10-6 Torr at 80 °C for 

overnight before the experiments. The vacuum condition was kept during all measurements. The 

potential of the Au electrode was controlled by a potentiostat (CHI, 614A) and calibrated by 

Fc/Fc+. SEIRA spectra were recorded in the Kretschmann attenuated total reflection (ATR) 

configuration [38] with a FT-IR spectrometer (DigiLab, FTS-7000) equipped with a HgCdTe 

(MCT) detector. The spectral resolution used was 4 cm-1.  

3. Results and discussion 

3.1. [C4mim][TFSA] 

A CV for an Au thin film electrode in [C4mim][TFSA], Fig. 1(a), shows an electrochemical 

window of ~4.0 V. The E-q plot for this system measured by the electrode immersion method is 

shown in Fig. 1(b). By the linear least square fitting, pztc is determined to be -0.74 V vs Fc/Fc+. 

Small cathodic peaks found at E < -1 V are possibly due to the surface reconstruction of Au [46] 

which was reported by electrochemical STM studies of a single crystal surface [27, 28]. Such a 
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surface reconstruction on a monatomic-scale has negligible effect on SEIRAS which originates 

from much larger surface roughness in the tens of nanometer-scale. 

Figure 2 shows SEIRA spectra of the [C4mim][TFSA]/Au interface collected during a potential 

scan from -2.1 to 0.9 V vs Fc/Fc+ where no Faradaic current was observed (Fig. 1(a)). The 

spectrum collected at -2.1 V before the potential scan was used as the reference to compute the 

potential difference spectra. Since the SEIRA effect is significant at the surface and sharply fades 

away within a few monolayer distance from the surface [38], the observed potential difference 

spectra are ascribed mostly to the first ionic layer in direct contact with the electrode surface and 

to the overlayers to some extent [38, 47, 48].  Positive and negative bands indicate the increase 

and decrease, respectively, in intensities with respect to the reference spectrum recorded at -2.1 

V. Each band in the potential difference spectra can find its counterpart in the IR spectrum of the 

neat [C4mim][TFSA] measured with the conventional ATR configuration without the Au film 

(bottom-most spectrum in Fig. 2). The assignments of the bands [49-51] are shown in Fig. 2 and 

Table 1. The significant blue-shift of the C-F stretch modes ν(CF3) in the SEIRA spectra 

compared to the spectrum of the bulk originates from the large dispersion of the refractive index 

of [C4mim][TFSA] in this spectral range [24, 52, 53]. 

As the potential is made more positive, the absorption bands of the anion (in the spectral range 

of 1400-1000 cm-1) increase and those of the alkyl chain ν(CH)alkyl of the cation (3000-2800 cm-

1) decrease their intensities. The result appears to indicate the cation-to-anion replacement. 

However, the intensities of the C-H stretch modes of the imidazolium ring ν(CH)ring (3200-3000 

cm-1) increase. To understand the result, it should be noted that the intensity is a function not 

only of concentration but also of the orientation of the molecule of interest due to the surface 

selection rule in SEIRAS (vibrations that yields oscillating dipoles perpendicular to the surface 
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are selectively observable [54]). The two ν(CH)ring modes at 3171 and 3105 cm-1 yield 

oscillating dipoles parallel to the ring, whereas the ν(CH)alkyl modes yield oscillating dipoles 

perpendicular to the alkyl chain. Therefore, the increase and decrease in the intensities of the 

ν(CH)ring and the ν(CH)alkyl, respectively, indicate the reorientation of the imidazolium ring from 

a flat orientation to a more vertical one. 

Integrated band intensities of the vibrational modes of the cation and the anion taken from a 

series of spectra acquired during two potential cycles starting from -0.5 V to negative direction 

are plotted against E in Figs. 3(a) and (b). On the positive-going scan starting from -2.1 V, the 

intensity of the ν(CF3) modes of the anion (sum of the symmetric and asymmetric modes), ICF, 

increases gradually with potential up to 0.3 V and more steeply at more positive potentials. On 

the reverse negative-going scan, it decreases gradually with potential down to -1.1 V and steeply 

at more negative potentials to yield a typical hysteresis curve. The intensity of the ν(SO2) modes 

of the anion, ISO, also yields a similar hysteresis curve. On the other hand, the intensity of the 

ν(CH)ring modes of the cation, Iring, increases on the positive-going scan up to 0.3 V and 

decreases at more positive potentials. The initial increase in Iring at E < 0.3 V is ascribed to the 

reorientation of the cation very likely in the first ionic layer, since reorientation of the cation only 

in the first layer, not in the bulk, can contribute to compensate surface charge (Note that the 

reorientation of the cation in the first layer changes the distance between the electrode and the 

charge center of the cation enabling compensation of surface charge, while the reorientation in 

the overlayers leads to negligible change in the distance). Taking into account the short-range 

nature of the SEIRA effect, the decrease in Iring in concomitant with the sharp increase in ICF at E 

> 0.3 V is ascribed to the cation-to-anion replacement in the first layer. Similarly, the decrease in 

Iring at E < -1.2 V on the negative-going potential scan is ascribed to the reorientation to more flat 
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configuration of the cations that comes to the first layer from the overlayers to replace the anions 

at this potential range. Given that the first layer is full of cation, the gradual increase (decrease) 

in ICF at -2.0 – 0.3 V on the positive-going scan (at -1.2 – 0.8 V on the negative-going scan) can 

be ascribed to the increase (decrease) in anion concentration in the overlayers induced by the 

change in the surface charge.  

This interpretation of the spectra is supported by the comparison with the SFG study of 

[C4mim][TFSA] on a Pt polycrystalline electrode reported by Zhou et al. [19] Similar hysteretic 

trends were found in the SFG band intensities for the anion and were interpreted in terms of the 

cation-anion replacement in the first layer as in the present SEIRAS study. However, a difference 

is worth to note that the authors did not observe the gradual increase in SFG intensity 

corresponding to that of ICF observed by SEIRAS. This difference can be ascribed to the higher 

interface selectivity of SFG: SEIRA effect is significant at the surface and fades away within 

several monolayer distance [38], while SFG occurs only at the interface where inversion 

symmetry is most drastically broken. Accordingly, the gradual change in ICF observed only by 

SEIRAS is due to the change in the local concentration of the anion in the overlayers, and the 

steep change observed by both SEIRAS and SFG indicates the local concentration change of ions 

in the first layer. 

 As shown in Fig. 3(c), the hysteresis becomes more pronounced with lowering the scan rate, 

implying that the potential-triggered restructuring of the first ionic layer is a rather slow process. 

This also implies the origin of hysteresis. So far, two types of hysteresis have been reported for 

potential-dependent behavior of RTIL/electrode interfaces: one is that becomes less significant, 

and the other is that becomes more significant with decreasing scan rate. The former type of 

hysteresis originates from non-equilibrium restructuring of the interface simply due to the slow 
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response of RTILs against the change in potential [34, 55], found in differential capacitance of 

[BMIM][OTf]/Au [56] and interfacial tension at RTIL/aqueous solution interface [32]. The latter 

type was attributed to the existence of an energy barrier for restructuring of the interface, 

observed in SFG spectra [18, 19], differential capacitances [33, 57], and X-ray reflectometry [36, 

37] of several RTIL/electrode interfaces. The latter type of hysteresis observed in the present 

study suggests the requirement of an overpotential for overcoming the activation barrier for the 

interfacial restructuring. 

To study the relaxation dynamics in more detail, the time evolution of ICF for potential steps 

was measured as shown in Fig. 3(d). By fitting the data with a simple exponential function, the 

time constant of the relaxation of ICF is calculated to be 310±20 s and 240±30 s for the step from 

0.25 to 0.55 V (cation-to-anion exchange in the first layer) and -0.95 V to -1.25 V (anion-to-

cation), respectively. These values are of the same order as the time constants of the potential-

dependent relaxation of the trioctylmethylammonium bis(nonafluorobutanesulfonyl)amide on Au 

probed by SPR [34]. On the other hand, for steps from -0.65 to -0.35 V and -0.05 to -0.35 V (ion 

exchanges in overlayers), immediate changes in ICF can be found. These results demonstrate that 

the change in the local ion concentration in overlayers is fast and that the ion replacement in the 

first ionic layer requiring an overpotential to overcome the activation barrier is slow. The fast 

and slow dynamics here observed correspond to the gradual and steep changes, respectively, in 

ICF in Fig. 3(a). This slow ion replacement in the first layer causes the indistinctive hysteresis of 

ICF at faster scan rate (100 mV/s) shown in Fig. 3(c).  

 The presence of activation barrier for the ion replacement has been suggested in a molecular 

dynamics simulation [58]. Double-well shaped potential energy surfaces along the direction 

perpendicular to the electrode surface were calculated for point charges near the RTIL/electrode 
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interfaces. An activation barrier can be found between two local potential minima corresponding 

to the first and second ionic layers, even on the neutrally charged electrode surface. 

The reason for the unexpected activation barrier for ion replacement in the first layer can be 

understood in terms of the layered structure model of RTIL/electrode interfaces [9, 10]. Ions in 

the first layer are stabilized mainly by the coulombic interaction with the charged electrode, and 

also by the coulombic interaction with ions in overlayers. As the AFM force curve proved [59], 

the ordering of ionic layers becomes weaker in the overlayers due to the lower influence of the 

surface charge. The mixing of ions in the overlayers facilitates the ion exchange in the first layer 

by reducing the vertical ion-ion coulombic interactions. Accordingly the ion replacement in the 

first layer occurs after the local concentration change in the over layers. One might think that the 

first layer is more sensitive to applied potential than the overlayers, but this is not the case for 

[C4mim][TFSA]. 

3.2. Size effect of cation  

It is natural to consider that the size of constituent ions affects the potential-triggered 

restructuring dynamics at the interface.  For discussing the size effect of cation, RTILs composed 

of imidazolium cations with different alkyl chain lengths and the common anion, 

[C8mim][TFSA] and [C12mim][TFSA], are compared with [C4mim][TFSA]. Potential difference 

SEIRA spectra for these RTILs are shown in Figs. 4(a, b) and 5(a,b). Overall spectral features 

and their potential dependence are very similar to those of [C4mim][TFSA]/Au in Fig. 2. 

Assignments of absorption bands can be made straightforward by consulting with those for 

[C4mim][TFSA]. The band at 1270 cm-1 for [C12mim][TFSA] is of an unidentified impurity. The 

orientation of the alkyl chains can be derived from potential-dependent SEIRA intensity of 

ν(CH)alkyl shown in Figs. 3(b), 4(d) and 5(d), as discussed in Supporting material. In summary, 
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alkyl chains become generally more perpendicular to the electrode surface at more positive 

potentials, and longer alkyl chains (n ≥ 12 in the present study) show more complex potential 

dependence probably due to their higher flexibility.  

The potential-dependence of each band for all [Cnmim][TFSA] (n = 4,8,12) (Figs. 3(a), 4(c) 

and 5(c)) can be interpreted in terms of the reorientation of the cation as well as the cation-anion 

replacement in the first layer and overlayers, as in the case of [C4mim][TFSA]. Iring with weaker 

intensity and less clear hysteresis for [C8mim][TFSA] and [C12mim][TFSA] than 

[C4mim][TFSA] suggests that the longer the alkyl chain is the reorientation of the cation 

becomes more difficult, and desorption of the cation with flat orientation shows less significant 

decrease in Iring. The effect of ion size can be clearly found in the shift of the potential of the 

inflection point where the cation-to-anion replacement in the first layer starts to occur on the 

negative-going scan: -1.1, -1.2, -1.4 V for [Cnmim][TFSA] (n = 4,8,12), respectively. The 

inflection points for positive-going scans are almost the same (around 0.3 V). Despite the 

uncertainty in potential due to the possible shift of the redox potential of Fc/Fc+ in different 

RTILs [60], the larger separation of the inflection points found in positive- and negative-going 

scans with longer alkyl chain is evident. This result can be reasonably explained by the larger 

steric hindrance of ions impeding the ion replacement. 

3.3. Size effect of anion 

For discussing the effect of the anion size on the dynamic behavior of RTILs, [C4mim][BF4] 

and [C4mim][NFSA] are compared with [C4mim][TFSA]. Figs. 6(a) and (b) shows the SEIRA 

spectra of [C4mim][NFSA]/Au at various potentials. For the cation, the band assignments are 

straightforward and potential-dependent reorientation and desorption are suggested as is the case 

of [C4mim][TFSA]. Broad absorption band for C-F stretch modes of -CF3 and -CF2 group ν(CF) 
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ranging at 1150-1300 cm-1 additionally appears, and its band shape implies potential-dependent 

isomerization as discussed in Supporting material. 

The potential-dependent SEIRA band intensities of [C4mim][NFSA] are hysteretic as shown in 

Fig. 6(c). The separations between pztc measured by the immersion method (-0.01 V, indicated 

by an arrow in Fig. 6) and the inflection potentials for the cation-to-anion and anion-to-cation 

exchange in the first layer are 1.0 and 1.2 V, respectively. These values are both larger than 

corresponding values for [C4mim][TFSA] (0.4 and 1.0 V, respectively) which shares identical 

cation with [C4mim][NFSA]. It means that the larger anion leads to higher activation energy for 

the exchange of ions in the first layer. In addition, changes in the potential separation for both 

cation-to-anion and anion-to-cation exchange imply that the activation barrier for the ion 

replacement is determined not only by the energy required for breaking ion-electrode interactions, 

but also by ion-ion interactions. 

Figures 7(a) and (b) show the SEIRA spectra of [C4mim][BF4]/Au at various potentials 

together with the ATR spectra of the bulk (bottom-most spectra). The band assignment shown in 

the figures was made in analogy with [C4mim][TFSA] [50]. The C-N stretch mode of the cation 

at 1160 cm-1 shows a potential dependence similar to ν(CH)ring, both of which yield transition 

dipoles parallel to the ring plane. A broad absorption band of B-F stretch mode ν(BF4), which 

was obscured by the strong absorption by the Si prism in the earlier SEIRAS study of 

[C2mim][BF4]/Au by Nanbu et al. [22], is clearly resolved and found to increase its intensity as 

the potential is made more positive, suggesting the approach of the anion to the electrode surface. 

The blue-shift of ν(BF4) in SEIRA spectra compared to the ATR-IR spectrum of the bulk can be 

explained by the large dispersion of the refractive index [24, 52, 53] or the anion-electrode 

interaction. 



 16 

As shown in Fig. 7(c), the potential dependent hysteretic behavior as was observed for the 

other RTILs is absent for all the vibrational modes, and both Iring and IBF (intensity of ν(BF4)) 

continue to increase with potential in the whole potential range examined. Iring increases with 

potential due to the reorientation, but its decrease at high potentials as observed for 

[C4mim][TFSA] originating from the cation-to-anion replacement is not found, implying that 

anions co-adsorb with cations without desorption of cations. Co-adsorption of a cation with a 

small anion has also been suggested in SFG studies of [BMIM][N(CN)2] [61] and other RTILs 

[62] on Pt surfaces. The absence of hysteretic behavior for [C4mim][BF4] is ascribed to the easy 

penetration of small anions into the first cation layer without ion replacement. 

The co-adsorption instead of replacement also affects the dynamics of ions as shown in Fig. 

7(d), the time evolutions of IBF for potential steps. IBF changes immediately after the potential 

steps, in marked contrast to ICF for the [C4mim][TFSA] case taking several minutes. This 

tendency is opposite to that of viscosity (100 mPa s for [C4mim][BF4] and 50 mPa s for 

[C4mim][TFSA]), demonstrating that the dynamics of the ion near the interface is not directly 

related to bulk properties but nano-scale environment near the interface [63]. 

The quasi-periodic layered interfacial structure of RTILs is stabilized not only by ion-electrode 

but also by ion-ion coulombic interactions to form Madelung-like potential as discussed in 

section 3.1. This stabilization is the most conceivable origin of the activation barrier for the ion 

replacement. In addition to such coulombic interactions, the present results suggest that the steric 

hindrance of constituent ions of RTILs also contributes to the activation barrier, which acts as 

“resistance” against the ion replacement. All the above results indicate that the layered structure 

of the interface is mainly stabilized by ion-electrode and ion-ion coulombic interactions and 

secondarily supported by the steric hindrance of ions. 
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4. Conclusions 

SEIRAS that selectively probes metal/solution interfaces was used to study the potential-

triggered restructuring dynamics of various imidazolium-based RTILs in the vicinity of the Au 

electrode surface. Potential-dependent reorientation of cations and a hysteretic anion/cation 

replacement were observed for the most RTILs examined except for that includes BF4
-. Together 

with a comparison of an earlier SFG study, the results were interpreted in terms of the generally 

accepted multi-layered structure of ions. It is revealed that the local ion concentration in the 

overlayers changes first, and then the hysteretic anion/cation replacement in the first layer occurs 

to compensate the changes in surface charge, during potential scans. The latter ion replacement 

in the first layer is slow dynamics taking several minutes due to the presence of an energy barrier 

of the ion exchange. Larger-sized ions have higher activation barriers for the ion replacement in 

the first layer. For RTILs constitute of a sufficiently small anion such as BF4
-, it is likely that the 

anion can penetrate into the space between cations instead of the anion/cation replacement, and 

hence do not show hysteretic behaviors. We believe that ion-electrode and ion-ion coulombic 

interactions stabilize the multi-layered structure of ions near the electrode, and the structural 

restriction is higher for the first layer, which leads to the activation barrier and the hysteretic 

behavior. Steric hindrance of ions additionally contributes to the structural restriction of the first 

layer. The tendency of the hysteretic interfacial restructuring dynamics of RTILs found in the 

present study helps designing RTIL/electrode interfaces, which is advantageous for improving 

electrochemical reactions that are sensitive to nano-scale environment near the electrodes. 
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Figure captions 

Scheme 1. The chemical structures of ions constituting the RTILs utilized in the present study. 

(a) Cnmim+ (n = 4,8,12), (b) TFSA-, (c) BF4
-, (d) NFSA-. The index of carbon atom is also shown 

in (a).  

Fig. 1. (a) CV of [C4mim][TFSA]/Au at scan rate of 100 mV/s [24]. (b) The surface charge of 

Au electrodes as a function of the potential in [C4mim][TFSA] measured by electrode immersion 

method in vacuum condition (1 × 10-6 Torr). The red line is the result of least square fitting of the 

data points, indicating that pztc, the potential at which q = 0, is -0.74 V. 

Fig. 2. SEIRA spectra of [C4mim][TFSA]/Au at (a) 3200-2800 cm-1 and (b) 1400-1000 cm-1 

recorded at various electrode potentials during the positive-going scan at 2 mV/s. The reference 

spectrum was collected at -2.1 V vs Fc/Fc+. The bottom-most spectra are ATR-IR spectra of 

[C4mim][TFSA] reflecting the bulk vibrational features.  

Fig. 3. (a), (b) SEIRA band intensities of [C4mim][TFSA]/Au as a function of electrode 

potential recorded during the potential scans at 2 mV/s. Band intensities are obtained by direct 

integration of SEIRA spectra with respect to a local baseline. Iring, ISO, ICF, I(CH2)s, I(CH3)s, I(CH2)as, 

and I(CH3)as are the total intensities of the bands at 3171, 3120, and 3105 cm−1; 1357 and 1327 

cm−1; 1238 and 1221 cm−1; 2863 cm−1; 2874 cm−1; 2934 cm−1; and 2959 cm−1, respectively. The 

results for two cycles of potential scans, which start and end at -0.3 V, are shown. Pztc is 

depicted as arrows. ICF as a function of the potential at the scan rate of 2 (circles), 25 (triangles), 

and 500 mV/s (crosses). (d) ICF as a function of time recorded before and after a potential step at 

400 s. The parameters of the potential steps are indicated in the figure. 

Fig. 4. (a), (b) SEIRA spectra of [C8mim][TFSA]/Au recorded at various electrode potentials 

during the positive-going scan at 2 mV/s. The reference spectrum was collected at -2.4 V vs 
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Fc/Fc+. The bottom-most spectra are ATR-IR spectra of [C8mim][TFSA]. (c), (d) SEIRA band 

intensities as a function of electrode potential recorded during the potential scans at 2 mV/s. The 

results for two cycles of potential scans, which start and end at -0.9 V, are shown. Iring, ISO, ICF, 

I(CH2)s, I(CH3)s, I(CH2)as, and I(CH3)as are the total intensities of the bands at 3169, 3119, and 3106 

cm−1; 1355 and 1327 cm−1; 1236 and 1210 cm−1; 2851 cm−1; 2872 cm−1; 2922 cm−1; and 2957 

cm−1, respectively.  

Fig. 5. (a), (b) SEIRA spectra of [C12mim][TFSA]/Au recorded at various electrode potentials 

during the positive-going scan at 2 mV/s. The reference spectrum was collected at -2.4 V vs 

Fc/Fc+. The bottom-most spectra are ATR-IR spectra of [C12mim][TFSA]. (c), (d) SEIRA band 

intensities as a function of electrode potential recorded during the potential scans at 2 mV/s. The 

results for two cycles of potential scans, which start and end at -0.9 V, are shown. Iring, ISO, ICF, 

I(CH2)s, I(CH3)s, I(CH2)as, and I(CH3)as are the total intensities of the bands at 3163, 3119, and 3099 

cm−1; 1354 and 1327 cm−1; 1228 and 1208 cm−1; 2851 cm−1; 2875 cm−1; 2924 cm−1; and 2960 

cm−1, respectively.  

Fig. 6. (a), (b) SEIRA spectra of [C4mim][NFSA]/Au recorded at various electrode potentials 

during the positive-going scan at 2 mV/s. The reference spectrum was collected at -2.3 V vs 

Fc/Fc+. The bottom-most spectra are ATR-IR spectra of [C4mim][NFSA]. (c), (d) SEIRA band 

intensities as a function of electrode potential recorded during a potential scan at 2 mV/s which 

start and end at -0.3 V. Iring, ISO, ICF, I(CH2)s, I(CH3)s, I(CH2)as, and I(CH3)as are the total intensities of 

the bands at 3167, 3126, and 3103 cm−1; 1354 and 1328 cm−1; 1259, 1229, 1209 and 1187 cm−1; 

2860 cm−1; 2876 cm−1; 2935 cm−1; and 2963 cm−1, respectively. 

Fig. 7. (a), (b) SEIRA spectra of [C4mim][BF4]/Au recorded at various electrode potentials 

during the positive-going scan at 25 mV/s. The reference spectrum was collected at -2.7 V vs 
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Fc/Fc+. The bottom-most spectra are ATR-IR spectra of [C4mim][BF4]. (c) SEIRA band 

intensities as a function of electrode potential recorded during the potential scans at 2 mV/s. The 

results for two cycles of potential scans, which start and end at -0.9 V, are shown. Iring, Ialkyl, ICN, 

and IBF are the total intensities of the bands at 3171, 3123, and 3110 cm−1; 2862 cm−1, 2873 cm−1, 

2931 cm−1 and 2960 cm−1; 1170 cm−1; and 1087 cm−1, respectively. (d) IBF and Ialkyl as a function 

of time recorded before and after potential step at 400 s.  
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Table 1.  Vibrational frequencies (cm-1) and assignments of [C4mim][TFSA]. 

 

SEIRAS ATR-IR Calculation Assignment 

3171 3157 3178a ν(C(4)-H, C(5)-H)ring 
out-of-phase 

3120 3123 3122a ν(C(2)-H)ring 

3105 3105   

2959 2969 2957a νas(CH3)alkyl 

2934 2941 2939a νas(CH2)alkyl 

2874 2882 2871a νs(CH3)alkyl 

2863 2870 2857a νs(CH2)alkyl 

1357 1355 1323b νas(SO2) 

1327 1332 1300b νas(SO2) 

1238 1203 1234b νs(CF3) 

1221 1191 1205b νas(CF3) 

1134 1140 1112b νs(SO2) 

1060 1059 999b νas(SNS) 

ν: stretching, s: symmetric; as: asymmetric; and C(2), C(4) and C(5): indicated in Scheme 1. 

a: Reference [50]. 

b: Reference [49]. 

 

 

 

  



 31 

 
Scheme 1 

Motobayashi et al. 

 
  

CnH2n+1 CH3
N N+

C(2)

C(4) C(5) (b)(a)

(c) (d)



 32 

 
 

Figure 1 

Motobayashi et al. 

  

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4
-2.0x10-5

-1.0x10-5

0.0

1.0x10-5

2.0x10-5
 

 

Ch
ar

ge
 / 

C

E vs Fc/Fc+ / V

–10

0

10

20

q
/ µ

C

–0.8 –0.6 –0.4–1.0
E vs Fc/Fc+ / V

(b)

0

i/
 µ

A
cm

-2

200

–200

0 1.0 2.0–2.0 –1.0
E vs Fc/Fc+ / V

(a)



 33 

 

 

Figure 2 

Motobayashi et al. 

  

ν(CH)ring

ν a
s(

C
H

3)
al

ky
l

ν a
s(

SN
S)ν s

(C
H

3)
al

ky
l

νas(SO2)

ν s
(C

F 3
)

ν a
s(

C
F 3

)

ν s
(S

O
2)

–2.1 V
–1.6 V

–1.1 V

–0.6 V

–0.1 V
0.4 V
0.9 V

Wavenumber / cm-1
2800 1400

ν a
s(

C
H

2)
al

ky
l

ν s
(C

H
2)

al
ky

l(a) (b)
Ab

so
rb

an
ce

1300 1200 1100 10003200 3100 3000 2900 2800 1400



 34 

 

Figure 3 
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Figure 4 

Motobayashi et al. 
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Figure 5 
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Figure 6 

Motobayashi et al. 
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Figure 7  

Motobayashi et al. 
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