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Abstract 

Electrochemical second harmonic generation (ESHG) has been applied as a probe of the slow dynamics in the electric 

double layer (EDL) at the ionic liquid (IL)/Au interface.  When the electrode potential was stepped, the SHG signal from 

the interface was relaxed on the time scale of longer than tens of seconds, which is distinctively slower than the RC time 

constant of the cell.  This ultraslow relaxation in ESHG was quantitatively analyzed and discussed for several ILs, revealing 

that the ultraslow relaxation itself is a common phenomenon for the EDL in the ILs studied but the asymmetry of the time 

constants to the potential-step directions depends on the IL ions, which is likely to reflect the structure ordering of the 

interfacial ionic layer in the EDL depending on both ILs and the potential.  The EDL structure in equilibrium has also been 

investigated via SHG measurements with a potential scan at a sufficiently slow rate; the potential dependence of the SHG 

signal was found to deviate from a simple parabolic one, reflecting the camel-shaped static differential capacitance for the 

EDL in ILs.  
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1. Introduction 

Ionic liquids (ILs), which are salts composed of cations and anions with melting points lower than 100 °C, have 

several characteristics such as their liquid state over a wide temperature range and wide potential window.  ILs have 

been extensively studied as electrolytes in electrochemical devices such as next-generation batteries and 

supercapacitors.1–5  Since the electrode interface plays an important role in the electrode reactions and 

charging/discharging processes, it is indispensable to understand the structure and dynamics of the electric double 

layer (EDL) in ILs for their electrochemical applications.6,7   

ILs are spontaneously structured at the interface,8,9 forming a highly-viscous solid-like interfacial layer.10–12  

Previous studies using surface tension measurement,13,14 electrochemistry,15,16 x-ray reflectometry,17–20 surface-

enhanced infrared absorption spectroscopy,21,22 and sum frequency generation23,24 reported anomalously slow or even 

frozen structural relaxation of interfacial layer in ILs in response to potential perturbations.  In our previous studies, 

we used electrochemical surface plasmon resonance (ESPR) to trace the ultraslow relaxation of the interfacial layer 

in ILs.25–29  By using the SPR angle as a probe of the change in the local refractive index on the IL side of the IL/Au 

electrode interface, we found a two-step relaxation in ESPR; after a potential step, the SPR angle was immediately 

shifted to one direction, and then slowly relaxed to the other direction on the order of tens and hundreds of seconds, 

which is several orders of magnitude slower than the RC time constant of the cell.  These two-step relaxations were 

ascribable to the polarization of IL ions in the interfacial layer.  Among the several modes of polarization such as 

electronic, vibrational, orientational, and translational polarizations, the first SPR shift was proposed to attribute to 

the faster components other than translation, and the subsequent ultraslow relaxation was to the ionic translation, 

which is the charging process at the interface.25,29   

In the present study, we investigate the ultraslow relaxation by focusing on the metal side of the IL/Au electrode 

interface with electrochemical second harmonic generation (ESHG),30–34 a powerful technique to sensitively probe 

the charged state of the metal surface.  SHG is a nonlinear optical phenomenon in which two photons with an angular 

frequency ω and a wavelength λ are converted to a single photon with 2ω and λ/2 via the interaction with a material.  

SHG has interfacial selectivity; SHG does not occur in the bulk phases if they have an inversion symmetry such as 

ILs and Au, and SHG signals are selectively generated only from the interfaces, where the inversion symmetry is 

broken, between such two bulk phases (as the IL/Au interface).  While ESPR focuses on the IL side of the IL/Au 

electrode interface, ESHG focuses on the charged state of the Au electrode side of the IL/Au interface.  Previous 

ESHG studies on the electrode interface of aqueous electrolyte solutions illustrated that the SHG intensity is parabolic 

with respect to the potential, with a minimum near the potential of zero charge (𝐸𝐸pzc).30,35–41  This is due to an 

additional SHG term that is intensified with increasing the static electric field at the interface and becomes 
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comparable to and even dominant over the normal SHG term for the non-charged interface (see the Model section 

for details).  ESHG has been applied to study the RC relaxation42,43 and electrode reaction kinetics, such as 

electrodeposition35,43–46 and adsorption,36,40,47–51 at the electrode interface of aqueous electrolyte solutions.  Non-

aqueous electrolytes have also been studied with ESHG.52  Since SHG has already revealed molecular-level 

structures at the non-electrochemical air53–55 and water53,54 interfaces of ILs, its application to the electrochemical 

interface of ILs is worth to be explored.  Here, in the present study, we apply ESHG to the IL/electrode interface to 

investigate the ultraslow relaxation of the interfacial structure as well as to explore its potential dependent behavior.  

We will show that ESHG, which sensitively probes the electrode surface, can track the ultraslow relaxation like 

ESPR, but from a different aspect, the charged state of the electrode.  The relaxation time constants for several ILs 

will be presented and discussed.  Furthermore, we will also show that the potential dependence of SHG intensity 

deviates from the conventional parabolic behavior, stemming from the camel-shaped potential dependence of the 

static differential capacitance56,57 of the EDL in ILs.  We illustrate that ESHG is not only a relaxation probe but also 

a static capacitance probe.  

 

2. Experimental 

1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide (C4mimTFSA) was prepared and purified 

according to the method in our previous studies.58–60  Other three ILs, C2mimTFSA,57 TOMATFSA,61,62 and 

C2mimBF463 were similarly prepared and measured to compare with C4mimTFSA (C2mim+: 1-ethyl-3-

methylimidazolium; TOMA+: trioctylmethylammonium).  The structures of these ions are shown in Fig.S1. 

The ESHG setup is shown in Fig. S2.  A spectroscopic electrochemical cell (EC FRONTIER) with a quartz 

window was used.  The working electrode (WE) was a Au disk with a diameter of 3 mm, whose polycrystalline 

surface was polished to a mirror finish with aqueous slurries of alumina powders (0.05 µm) on a polishing cloth 

before each measurement.  Pt wire and Ag/AgCl wire were used as the counter electrode (CE) and the quasi-reference 

electrode (QRE), respectively.  ILs were injected into the cell in an argon-filled glove box after being evacuated 

using an oil pump for at least 2 h.  The potential of WE with respect to QRE, denoted as E, was controlled with a 

potentiostat (SP-50, BioLogic).  The potential-step SHG measurements (PS-ESHG) and linear-sweep SHG 

measurements (LS-ESHG) were performed within the polarized potential window (Fig.S3).  A Ti:Sapphire laser 

(CPA2001, Clark-MXR) with a wavelength of 775 nm, pulse width of 150 fs, and repetition rate of 1 kHz, was used 

as the source of the fundamental (ω) beam.  The ω beam was made p-polarized with a polarizer and focused with a 

lens at an angle of incidence of 60° to the cell (the angle of incidence at the C4mimTFSA/Au interface was estimated 
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to be 38°).  The beam power of ω light was 20 mW, and the beam energy density at the interface was 6 mJ cm−2.  

The second harmonic (2ω) light generated before the sample was removed by a 2ω cut filter put just before the cell.  

The ω light reflected from the interface was cut by an ω-cut filter put just after the cell.  The 2ω light generated from 

the interface was passed through a polarizer to be p-polarized, separated with a monochromator, and detected by a 

photomultiplier (R1527, Hamamatsu).  The number of photons was counted with a photon counter (SR400, SRS).  

All measurements were performed at the room temperature controlled at 22 °C. 

 

3. Model 

The intensity of SHG light, 𝐼𝐼2ω, generated from the interface in the p-in p-out condition can be expressed as;35,37  

𝐼𝐼2ω ∝ ��𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖

𝑥𝑥,𝑧𝑧

𝑖𝑖,𝑖𝑖,𝑖𝑖

�𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
(2)𝐸𝐸ω𝐸𝐸ω + 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖𝑧𝑧

(3) 𝐸𝐸ω𝐸𝐸ω𝐸𝐸dc��

2

 (1)  

where 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
(2) is the ijk component of the second-order susceptibility,  𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖𝑧𝑧

(3)  is the ijkz component of the third-order 

susceptibility, 𝐸𝐸ω is the electric field of the fundamental light, 𝐸𝐸dc is the dc (static) electric field at the interface that 

is along the surface normal, z, 𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 (= 𝐹𝐹𝑖𝑖2ω𝐹𝐹𝑖𝑖ω𝐹𝐹𝑖𝑖ω) is the Fresnel factor, and i, j, and k are either of x or z, and the x 

and z axes are defined so that the incident and reflected light beams are in the x-z plane with the surface normal 

direction z.  By merging the ijk susceptibility components and the Fresnel factors into one variable for each 

susceptibility term, we simplify eq 1 as,  

𝐼𝐼2ω ∝ �𝜒𝜒(2) + 𝜒𝜒(3)𝐸𝐸dc�
2
𝐼𝐼ω2  (2)  

with 

𝜒𝜒(2) = �𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖

𝑥𝑥,𝑧𝑧

𝑖𝑖,𝑖𝑖,𝑖𝑖

𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
(2) 

𝜒𝜒(3) = �𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖

𝑥𝑥,𝑧𝑧

𝑖𝑖,𝑖𝑖,𝑖𝑖

𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖𝑧𝑧
(3)  

(3)  

For 𝐸𝐸dc, we assume that the 𝜒𝜒(3) term is dominated by the Au electrode surface, not by the EDL region.  Under this 

assumption, 𝐸𝐸dc is simply connected with the surface charge density on the electrode, 𝑞𝑞M, 
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𝐼𝐼2ω ∝ �𝜒𝜒(2) + 𝜒𝜒(3) 𝑞𝑞M
𝜀𝜀𝜀𝜀0

�
2
 (4)  

where 𝜀𝜀 and 𝜀𝜀0 are the relative permittivity and the permittivity in vacuum, respectively.  This assumption is justified 

by the fact that with the fundamental beam with 775 nm Au is in the 2ω resonant condition with the interband 

transition whereas IL ions studied are not in either ω or 2ω resonance.  For 𝑞𝑞M, we test two models to be fitted to 

experimental 𝐼𝐼2ω vs. 𝐸𝐸 data.  One is the simple Helmholtz model (H model),  

𝑞𝑞M
𝜀𝜀𝜀𝜀0

=
𝑅𝑅𝑅𝑅
𝑑𝑑𝐹𝐹

𝜑𝜑 (5)  

where 𝑅𝑅, 𝑅𝑅, and 𝐹𝐹 are the gas constant, the absolute temperature (295 K), and the Faraday constant, respectively, 𝑑𝑑 

is the distance between the electrode surface and the Helmholtz plane, and 𝜑𝜑, the dimensionless electrode potential, 

is 

𝜑𝜑 =
𝐹𝐹
𝑅𝑅𝑅𝑅

�𝐸𝐸 − 𝐸𝐸pzc� (6)  

with 𝐸𝐸pzc being the potential of zero charge.  The H model can reproduce the parabolic potential dependence of 𝐼𝐼2ω 

observed at the aqueous electrolyte solution/electrode interface.30,35–41  The other is the mean-field lattice-gas model 

(LG model) for the EDL in ILs56  

𝑞𝑞M
𝜀𝜀𝜀𝜀0

=  
𝑅𝑅𝑅𝑅
κ−1𝐹𝐹

sgn(𝜑𝜑)�
2
𝛾𝛾

ln{1 + 2𝛾𝛾 sinh2(𝜑𝜑/2)} (7)  

where κ−1 is the Debye length,  𝛾𝛾 is the “compacity” parameter, and sgn() is the sign function.  It should be noted 

that in the present study, unlike our previous ESPR study, we do not use another version of LG model64 that includes 

a parameter for the local interionic electrostatic interaction, because the parameter was found to be unable to be 

assessed independently with 𝛾𝛾 in the ESHG analysis, unlike ESPR.  In fitting with these two models, we used the 

following equation, 

𝐼𝐼2ω = 𝐵𝐵�1 + �𝐴𝐴𝑒𝑒𝐼𝐼𝐼𝐼�𝑄𝑄M�
2 (8)  

where 𝐵𝐵 is a proportionality constant,  𝐴𝐴𝑒𝑒𝐼𝐼𝐼𝐼 is the dimensionless complex ratio of 𝜒𝜒(3) on 𝜒𝜒(2) with 𝐴𝐴 and 𝛿𝛿 being 

its absolute value and phase, respectively, and 𝑄𝑄M is the dimensionless surface charge density, written as: 

𝐴𝐴𝑒𝑒𝐼𝐼𝐼𝐼 =  
𝑅𝑅𝑅𝑅
𝑋𝑋𝐹𝐹

𝜒𝜒(3)

𝜒𝜒(2) 
(9)  
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𝑄𝑄M =
𝑋𝑋𝐹𝐹
𝑅𝑅𝑅𝑅

𝑞𝑞M
𝜀𝜀𝜀𝜀0

 

where 𝑋𝑋 is 𝑑𝑑 in the H model or κ−1 in the LG model. 

The time constant of the relaxation of the interfacial structure against the potential switch was evaluated from 

PS-ESHG measurements.  The time 𝑡𝑡 variation of 𝐼𝐼2ω, 𝐼𝐼P→N(𝑡𝑡), when the potential was stepped from the positive to 

negative potential at 𝑡𝑡 = 0, and vice versa, 𝐼𝐼N→P(𝑡𝑡), was simultaneously fitted with the following exponential decay 

functions.  

𝐼𝐼P→N(𝑡𝑡) = 𝐼𝐼P + 𝑈𝑈(𝑡𝑡)(𝐼𝐼N − 𝐼𝐼P) � � 𝑓𝑓N𝑖𝑖{1− exp (−𝑡𝑡/𝜏𝜏N𝑖𝑖)}
1 or 2

𝑖𝑖=1

� 

𝐼𝐼N→P(𝑡𝑡) = 𝐼𝐼N + 𝑈𝑈(𝑡𝑡)(𝐼𝐼P − 𝐼𝐼N) � � 𝑓𝑓P𝑖𝑖{1 − exp (−𝑡𝑡/𝜏𝜏P𝑖𝑖)}
1 or 2

𝑖𝑖=1

� 

(10)  

where 𝐼𝐼P and 𝐼𝐼N are the SHG intensity in equilibrium, 𝜏𝜏P𝑖𝑖 and 𝜏𝜏N𝑖𝑖 are the i component of decay time constant, and  

𝑓𝑓P𝑖𝑖 and 𝑓𝑓N𝑖𝑖 are the fraction of i component, all at the positive (P) and negative (N) potentials, respectively.  𝑈𝑈(𝑡𝑡) is 

the unit-step function. We tested the single and double exponential decay functions and adopted the latter only when 

its Corrected Akaike Information Criterion (AICc)65 value was better (smaller) than the former’s.  For the latter case, 

the overall time constant 𝜏𝜏 was evaluated as the logarithmic mean: 

log𝜏𝜏 = 𝑓𝑓1log𝜏𝜏1 + (1− 𝑓𝑓1)log𝜏𝜏2 (11)  

 

4. Results and discussion 

4.1 PS-ESHG 

To track the relaxation of interfacial structure in PS-ESHG measurements, SHG intensity was monitored during 

multi-potential-step perturbation between two potentials at the C4mimTFSA/Au electrode interface.  The potential 

was stepped between 0.0 V and −0.8 V at least five times repeatedly every 500 s, and the SHG data were averaged.  

The results for the negative and positive potential steps are shown in Figs. 1a and 1b, respectively.  The SHG intensity 

varied in several seconds after the potential step at t = 0, and further relaxed to 𝐼𝐼2ω in equilibrium at the post-step 

potential on the order of 100 s.  Such a relaxation is several orders of magnitude slower than the RC time constant of 

the cell for C4mimTFSA, 6 ms, which was estimated from the resistance R of 1.8 kΩ measured using electrochemical 

impedance spectroscopy and the capacitance C approximated to be the static differential capacitance ~50 µF cm−2 

from ESPR27,28 multiplied with the electrode surface area 0.070 cm2.  This ultraslow behavior has also been observed 
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in previous ESPR studies on the Au electrode interface of several ILs.25,27,61  One can see that the relaxation against 

the positive direction (Fig.4b) is slower than the negative one (Fig.4a).  This asymmetry with respect to the direction 

of potential perturbation, where the positive direction is slower, is also consistent with previous ESPR studies.25,27,61  

The SHG intensity in equilibrium at −0.8 V is lower than that at 0 V.  This is qualitatively explained by the facts that 

−0.8 V is closer to −0.61 V, 𝐸𝐸pzc of the C4mimTFSA/Au interface,27 and that the 𝜒𝜒(3) term of the ESHG is known 

to reach a minimum near 𝐸𝐸pzc.30,35–41  The potential dependence of SHG intensity will be discussed in detail below 

in the LS-ESHG section. 

 

 

Figure 1. Time variation of SHG intensity for the C4mimTFSA/Au interface in PS-ESHG. At t = 0 (vertical dashed lines) the potential 

was stepped (a) from 0 to −0.8 V and (b) from −0.8 to 0 V.  The solid lines are from the fitting (eq 10).  The horizontal dashed lines 

represent I = IP and IN.  

 

For quantitative discussion, the PS-ESHG data were fitted by exponential functions (eq 10) and the relaxation 

time was evaluated.  The black lines in Fig. 1 are the fitting results.  The obtained fitting parameters are listed in 

Table S1, and the relaxation time constants are listed in Table 1.  The relaxation time constants against the negative 

and positive potential steps, 𝜏𝜏N and 𝜏𝜏P, were estimated to be 6.2 s and 20 s, respectively (Table 1), which are several 

orders of magnitude slower than the RC time constant of the cell (6 ms).  The ultraslow relaxation time constants 

qualitatively reproduce those by ESPR, which are also listed in Table 1.  Regarding the asymmetry of 𝜏𝜏 toward the 

potential perturbation direction, 𝜏𝜏P/𝜏𝜏N is 3.2 for ESHG, greater than unity, indicating that the relaxation is slower 

for the positive direction (Table 1).  This potential-direction asymmetry was also observed in ESPR, where 𝜏𝜏P/𝜏𝜏N is 

140.  More quantitatively, however, the 𝜏𝜏 values from ESHG and ESPR are different from each other; the 𝜏𝜏N of 

ESHG is an order of magnitude slower than that of ESPR whereas the 𝜏𝜏P in ESHG and ESPR is similar. There are 
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several possible reasons for this contrast.  Firstly, the step potentials are different; the negative potentials are −0.8 V 

for ESHG in the present study but −1.2 V for ESPR, with the same positive potential of 0 V for them; ESHG 

investigates the interfacial structure at more positive potentials.  In a previous ESPR study, we compared the step 

potential dependence of the asymmetry and found that more positive potentials result in less asymmetry, although 

the asymmetry itself kept appearing.25  Secondly, what we detect is different; SHG detects the change in the charged 

state of the Au surface whereas ESPR probes the polarization relaxation of ions in EDL with a minor contribution of 

the Au surface.29  Among several modes of polarization, fast ones such as electronic, vibrational, and orientational 

polarization more or less contribute to the ultraslow relaxation in ESPR, while ESHG will be much less sensitive to 

fast polarization and mainly detects the slowest translational polarization of ions, i.e., the charging process at the 

interface.  This contrast between the behaviors of  𝜏𝜏N and 𝜏𝜏P in ESHG and ESPR illustrates the significant effect of 

the ionic species occupying the interfacial layer, anions at 0 V and cations at −0.8 V or −1.2 V, 28 on the polarization 

relaxation in EDL of ILs.   

 

Table 1. Relaxation time evaluated from PS-ESHG and ESPR with the resistivity of ILs. 

 τ /s (ESHG) a τ /s (ESPR) b ρ / Ω m c 

 𝜏𝜏N 𝜏𝜏P 𝜏𝜏P/𝜏𝜏N 𝜏𝜏N 𝜏𝜏P 𝜏𝜏P/𝜏𝜏N  

C4mimTFSA 6.2 20 3.2 0.34 49 140 3.1 d 

C2mimTFSA 7.8 47 6.0 - - - 1.3 d 

TOMATFSA 11  38 3.5 1.2 23 19 220 e 

C2mimBF4 12 3.7 0.31 - - - 0.88 f 
a From potential step measurements between −0.8 and 0 V.  b From potential step measurements 
between −1.2 and 0 V.  c Bulk resistivity at 20 °C.  d From ref.66  e From ref.67  f From ref.68   

 

In our previous ESPR studies, we always obtained 𝜏𝜏P/𝜏𝜏N greater than unity for the ILs investigated.  All the 

ILs were based on amide anions like TFSA−, although cations were relatively diverse: quaternary ammoniums or 

imidazoliums.  To explore the similarity and dissimilarity of ESHG and ESPR, we further performed the PS-ESHG 

measurements on three other ILs, C2mimTFSA, TOMATFSA, and C2mimBF4, which are composed of different 

cations and anions.  The PS-ESHG results are shown in Fig. S4 and the best-fit parameters are listed in Table S1.  

The obtained relaxation time constants are listed in Table 1.  All three ILs, like C4mimTFSA, showed the ultraslow 

relaxation that cannot be explained by their RC time constants.  Since the IL dependence of C is much smaller than 

that of R, the RC time constant can be approximated to be proportional to the bulk resistivity, ρ, of each ionic liquid.  

The resistivity is also listed in Table 1.  There is no correlation between the relaxation time obtained with ESHG and 

resistivity (see also Fig.S5 for the plot).  This is the same phenomenon observed for the IL dependence of ultraslow 

relaxation at the IL/W interface14 and at the IL/Au interface,61 confirming that the interfacial structure ordering rather 
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than the ionic mobility in the liquid bulk is a key factor to determine the structural relaxation of EDLs.  Comparing 

𝜏𝜏P/𝜏𝜏N  for the three TFSA−-based ILs (C4mimTFSA, C2mimTFSA, and TOMATFSA), a similar degree of 

asymmetry, the slower relaxation in the positive direction, was observed, which is also similar to the ESPR for 

several amide-based ILs of TFSA,27,61 bis(fluorosulfonyl)amide,61 and bis(nonafluorobutanesulfonyl)amide.25  On 

the other hand, for C2mimBF4 which is composed of a different anion, the asymmetry was rather opposite, with a 

slower relaxation in the negative direction.  Since BF4− has a more symmetric ionic structure than TFSA−, one would 

imagine that the interfacial layer structure at the positive potential occupied with anions is more ordered for the BF4−-

based IL, which presumably caused its greater 𝜏𝜏N than 𝜏𝜏P.  From the asymmetry obtained with ESHG and ESPR, we 

propose that the interfacial structure ordering is in the order of BF4−, the cations, and amide ions from the highest. 

 

 

4.1 LS-ESHG 

To investigate the potential dependence of SHG intensity, linear sweep SHG measurements (LS-ESHG) were 

performed using C4mimTFSA as an IL.  The potential sweep direction was selected to be negative because of the 

smaller relaxation time constant (𝜏𝜏N < 𝜏𝜏P , Table 1).  The sweep rate, v, was chosen to be 0.25 mV/s, whose 

perturbation time constant RT/Fv = 100 s was sufficiently slower than 𝜏𝜏N, 6.2 s (Table 1).  The potential was swept 

from 0.0 V to −1.2 V at a sweep rate of 0.25 mV/s, and the SHG intensity was measured simultaneously.  After a 

sweep finished, the potential was immediately stepped back to 0.0 V and held there for 2400 s until the start of the 

next sweep to reset the interfacial structure (Fig. S6a).  The results of sequential six measurements are shown in Fig. 

S6b, and the averaged results are shown in Fig. 2.  The potential dependence of 𝐼𝐼2ω is basically parabolic, as is known 

for the ESHG of the electrolyte solution/electrode interface.30,35–41  ESHG is known to show a minimum 𝐼𝐼2ω around 

𝐸𝐸pzc .  The present SH intensity showed a minimum around −1.0 V, more negative than −0.61 V, 𝐸𝐸pzc  at the 

C4mimTFSA/Au interface.27  The negative shift of the SHG minimum potential from 𝐸𝐸pzc agrees with a previous 

ESHG study at the Au electrode interface of aqueous electrolyte solutions using ω light with 1064 nm,37 although 

both the shift amount and direction depend on the solid materials and the ω light wavelength.37,41,69   
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Figure 2. Potential dependence of (a) SHG intensity and (b) static differential capacitance at the C4mimTFSA/Au interface from LS-

ESHG.  The blue and red lines are from the H and LG models, respectively.  The vertical dashed lines are at 𝐸𝐸pzc.  The purple plots in 

(b) are from ESPR measurements.27 

 

Regarding the parabola-like potential dependence of 𝐼𝐼2ω shown in Fig.2a, its slope becomes slower on the far 

positive potential region −0.4~0 V.  This implies that the H model on which the parabolic dependence is based cannot 

well describe the EDL in ILs.  It has been reported theoretically56 and experimentally27,63 that the static differential 

capacitance for ILs decreases with increasing |𝐸𝐸 − 𝐸𝐸pzc|, which is called camel-shaped behavior and different from 

either the flat one for the H model or the U-shaped one for the conventional Gouy-Chapman model.  It should be 

noted that the static differential capacitance is the parameter to be compared and discussed between the theories and 

experiments, rather than the non-static one that is measurable by using electrochemical impedance spectroscopy, 

because the latter has strong frequency dependence and even dc-potential hysteresis.  It is the static capacitance that 

influences the SHG intensity from the interface whose structure is in equilibrium.  To clarify the potential-dependent 

capacitance behavior from ESHG, the fitting was performed using the H and LG models and the results are shown 

in Fig. 2a as blue and red lines, respectively.  The best-fit parameters are listed in Table S2.  One can see that the LG 

model well reproduces the LS-ESHG experimental results markedly better than the H model.  Quantitative fitting 

results including AICc and the relative likelihood of the models can be found in Table S2.  The values of logA and 

δ, −1.66 and 79.5°, in the present study with 775 nm excitation conform with −0.16 and 25° at the Au interface of 

an aqueous electrolyte solution with 1064 nm excitation,37 by taking account of the significant wavelength 

dependence of SHG response.  The potential dependence of the static differential capacitance, evaluated from the 
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fitting results, is shown in Fig. 2b.  One can see a camel-shaped behavior for the LG model (red line), where the 

capacitance decreases as the potential moves away from 𝐸𝐸pzc, which is a common characteristic of EDLs in IL.  The 

dependence is a one-hump camel shape rather than a two-hump one obtained with ESPR,27 also plotted in Fig.2b.  

This discrepancy is likely to result from the relatively lower sensitivity of ESHG to the capacitance than ESPR; the 

𝜒𝜒(3) term, which is the source to detect the potential dependence of the capacitance, is one order of magnitude smaller 

than the 𝜒𝜒(2) term, i.e., logA < −1 (Table S2), in the present ESHG study whereas in ESPR the derivative of the SPR 

resonant angle with respect to the potential directly leads to the capacitance (multiplied by a proportional constant).27  

Nevertheless, a steep decrease in the static differential capacitance with increasing |𝐸𝐸 − 𝐸𝐸pzc| was surely reproduced, 

similarly to the cases using electrocapillarity measured at the interfaces between liquid electrodes and ILs,57,63,70 

experimentally confirming the universality of this peculiar behavior of the static differential capacitance of EDL in 

ILs.   

 

5. Conclusions 

The present study successfully applied ESHG as a probe to track the ultraslow relaxation and the static 

differential capacitance of EDL in ILs.  For the former, not only the ultraslow relaxation of EDL in ILs but also its 

asymmetry with respect to the potential perturbation direction was quantitatively analyzed at the Au electrode 

interface of several ILs by focusing on the charged state of the electrode.  For the latter, a deviation from the simple 

parabolic potential dependence of the SHG signal was analyzed to extract the camel-shaped potential dependence of 

the static differential capacitance, a peculiar EDL behavior in ILs.  Basically, it is difficult to evaluate the static 

differential capacitance at the solid electrode interface of ILs, however, ESHG is proven to be one of the methods 

such as ESPR. 

In the future, a more comprehensive investigation of IL dependence would further reveal the EDL behavior in 

ILs, as partly shown in the present study.  One of the other future directions is to use some electrode materials such 

as Ag, Pt, and Hg other than Au, as previously studied with ESHG for aqueous electrolyte solutions, because they 

are not in the 2ω resonance unlike Au and therefore SHG signal can be dominated with the 𝜒𝜒(3) term, which makes 

ESHG more sensitive to the EDL ultraslow relaxation and the static differential capacitance.  However, without 2ω 

resonance of the electrode, it is possible to detect another SHG term originating from IL ions adsorbed on the 

electrode, which should have potential dependence different from 𝜒𝜒(3)  and therefore may hamper the static 

differential capacitance measurements.  On the other hand, such adsorption of ions on the electrode in “zero-solvent” 

ILs would be interesting to be pursued with ESHG.  
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