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ABSTRACT
Electrochemical surface plasmon resonance (ESPR) is applied to evaluate the relative static differential capacitance at the interface between 1-
butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide ionic liquid (IL) and a gold electrode, based on the relationship between the
SPR angle and surface charge density on the electrode. Potential-step and potential-scan ESPR measurements are used to probe the dynamics
of the electric double layer (EDL) structure that exhibit anomalously slow and asymmetrical characteristics depending on the direction of
potential perturbation. EDL dynamics respond at least 30 times more slowly to changes of potential in the positive direction than in the
negative direction. ESPR experiments with the positive-going potential scan are significantly affected by the slow dynamics even at a slow
scan. The surface charge density that reflects the relative static capacitance is obtained from the negative-going potential scans. The evaluated
quasi-static differential capacitance exhibits a camel-shaped potential dependence, thereby agreeing with the prediction of the mean-field
lattice gas model of the EDL in ILs. ESPR is shown to be an effective experimental method for determining relative values of the static
differential capacitance.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011671., s

I. INTRODUCTION

Ionic liquids (ILs), which are new materials exhibiting flame
resistance, low volatility,1,2 and high thermal/electrochemical sta-
bility,3,4 have garnered attention as electrolytes for electrochemi-
cal devices, such as supercapacitors5,6 and batteries.7,8 The elec-
tric double layer (EDL) at the electrolyte/electrode interface affects
the performance of energy devices involved with electrode reac-
tions (redox reactions) and charging processes. The structure and
dynamics of ILs within the EDL are significantly different from
those of conventional electrolytes. The ionic distribution in the
EDL at the IL/electrode interface cannot be described by the
conventional Gouy–Chapman–Stern model. In theoretical studies

conducted by Kornyshev et al.,9–11 a mean-field lattice gas model
was proposed to predict the ionic distribution and differential capac-
itance. These properties have been examined in simulation studies
of the EDL structure of ILs.12–17 Electrochemical impedance spec-
troscopy (EIS) is the most popular experimental method for eval-
uating the differential capacitance at the IL/electrode interface.18–20

In numerous studies, the slow dynamics of the EDL structure of ILs,
such as ultraslow relaxation19,21–25 and hysteresis,18,26–30 have been
revealed. The typical ac potential oscillation in EIS measurements
is faster than the slow EDL dynamics, making EIS unsuitable to
evaluate the static capacitance for comparison with theoretical pre-
dictions. Therefore, we have used the pendant-drop method, which
measures the interfacial tension at equilibrium and experimentally
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provides the static differential capacitance.31,32 However, a liquid–
liquid interface must be used in the pendant-drop method, limiting
the electrode materials to liquids, such as mercury31,32 and GaIn
alloy.33

Electrochemical surface plasmon resonance (ESPR) can be used
to detect variations in interfacial structure with respect to a change
in potential because the SPR angle is sensitive to the local refrac-
tive index around the interface between the dielectric medium and
the metal film.34,35 In our previous studies, ESPR proved to be an
effective probe of ultraslow relaxation23 and redox reactions36 at
the IL/gold interface. In this study, we have presented the prospect
that the static differential capacitance at the solid electrode/IL inter-
face can be obtained using ESPR. A relationship between the SPR
angle and the surface charge density at the IL/electrode interface has
been established. Owing to this relationship, the surface charge den-
sity has been determined through the variation in SPR angle mea-
sured during potential-scan and potential-step experiments. If the
potential perturbation is sufficiently slow compared with the EDL
dynamics, the quasi-static differential capacitance of the EDL at the
IL/gold interface can be obtained. The effects of potential scan rate
and direction on the slow IL dynamics have been investigated in
detail.

II. MODEL
We consider a Kretschmann system with a prism/thin metal

film/dielectric medium interface, where the light coming from the
prism side of the interface undergoes total internal reflection. SPR
occurs at an incident angle where the wavenumber of the surface
plasmon wave is matched by that of the tangential surface compo-
nent of the evanescent wave generated by total internal reflection.
The incidence angle under that condition, which is the SPR angle,
θSPR, is represented in terms of the refractive indexes of the metal
film, nm, dielectric medium, nd, and prism, np, as expressed by the
following equation:37

θSPR = sin−1
(

1
np

√
1

1/Re(nm2) + 1/nd2 ). (1)

Wang et al.38 proposed a phenomenological model as the basic
ESPR formalism in which the variation of the SPR angle, ΔθSPR, is
written as the sum of two parts. One part is the change in surface
charge density on the electrode, which results in a small variation
of nm on the surface. The second part comprises the reactant and
product concentration changes driven by an electrode reaction. For
the prism/gold film/IL interface system in this study, the dielectric
medium is an IL with an ion concentration on the order of mol dm−3

and no redox species. In this case, the change in ion concentration
in the EDL should also contribute to the change in nd, which was
neglected in the previous study38 because the ion concentration in a
typical electrolyte solution is relatively low. In the present study, we
presume that the second contribution to the change in SPR angle is
given by the change in ion concentrations. Hence, ΔθSPR is expressed
as

ΔθSPR = Δθq + Δθic

= AΔqM + B∫
∞

0
[αcΔcc(z) + αaΔca(z)]e−

z
l d(z/l). (2)

In Eq. (2), the change in the SPR angle, ΔθSPR, is the sum of the
following parts: Δθq, which is caused by the change in the surface
charge density on the gold film (ΔqM), and Δθic, which is caused by
the change in the cation and anion concentrations in the EDL (Δcc
and Δca, respectively). The proportionality constants A, B, αc, and αa
are written as

A =
∂θ
∂qM
∣

θ=θSPR

, B =
∂θ
∂nd
∣
θ=θSPR

,

αc =
∂nd

∂cc
∣
cc=cIL

, αa =
∂nd

∂ca
∣
ca=cIL

.

(3)

B is calculated using Eq. (1), whereas αc and αa are calculated from
the Lorentz–Lorenz equation given as follows:39,40

nd
2
− 1

nd2 + 2
=
NA(paca + pccc)

3ε0
, (4)

where pi is the mean polarizability of the ions, NA is the Avogadro
constant, and ε0 is the vacuum permittivity. The variable z in Eq. (2)
is the displacement in the IL normal to the surface of the gold film
(z = 0).

The change in nd near the interface reflects the change in ion
concentration in the EDL thickness of δEDL, which is on the order
of nm. This distance is significantly smaller than the decay length, l,
of the evanescent field from the interface into the IL bulk, which is
on the order of 100 nm. The decay length of the evanescent wave is
calculated by using the following equation:37

l =
⎛
⎜
⎜
⎜
⎝

Im

⎡
⎢
⎢
⎢
⎢
⎢
⎣

2πnd

λ

¿
Á
ÁÀ1 − (

npsinθSPR

nd
)

2
⎤
⎥
⎥
⎥
⎥
⎥
⎦

⎞
⎟
⎟
⎟
⎠

−1

. (5)

Therefore, even if the distribution of ion concentrations is assumed
to be uniform within the EDL, changes in the local nd have little
influence on the calculated result. Assuming that Δca changes pro-
portionally toΔcc with a negative coefficient, β, when qM changes, we
can write the concentration changes, Δcc and Δca, as in the following
equation:

Δca = βΔcc =
ΔqM

(1 − β−1)δEDLF
, (6)

where F is the Faraday constant. Although β is potential dependent,
it is considered to be constant in the narrow interval around the
potential of zero charge (Epzc). This leads to the following equation
for Δθic:

Δθic = B(αc + βαa)(1 − e−
δEDL

l )
ΔqM

(β − 1)δEDLF
. (7)

The following limit is valid with respect to δEDL/l:

lim
δEDL

l →0

1 − e−
δEDL

l

δEDL
l

= 1. (8)

Given all assumptions above, ΔθSPR depends only on a single exper-
imental variable, ΔqM, as shown in the following equation:
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ΔθSPR = ΔqM[A + B
αc + βαa

(β − 1)lF
]. (9)

Thus, ΔqM can be obtained from ΔθSPR in an ESPR potential-scan
measurement. The differential capacitance, Cd, is calculated as

Cd =
dqM

dE
= X

dθSPR

dE
,

X = [A + B
αc + βαa

(β − 1)lF
]

−1

.
(10)

Concerning the quantitative calculation, it is difficult to pre-
cisely evaluate coefficient A. The Drude model,41,42 which estab-
lishes the relationship between qM and nm, can be used to evaluate
A, but only semiquantitatively. Foley et al.43 proposed A equal to
0.021 deg⋅m2

⋅C−1 for the gold/electrolyte solution interface based
on surface impedance measurements, where the SPR response was
measured under an ac potential perturbation. However, the value
is not applicable to other systems comprising different electrolytes,
metals, and metal film thicknesses. Moreover, application of an ac
potential is unsuitable for IL systems due to their slow dynamics.
Therefore, surface impedance measurements are not applicable here.
Another way to evaluate A is to use the Hansen method,44 which
allows the light reflectivity of multilayer systems to be determined.
The metal film in this study is approximated as a bilayer compris-
ing a “bulk” film layer and a thin surface layer of several angstroms
thickness on the metal film, whose free electron density varies with
qM.45 There is no reliable method to determine the thickness of the
surface layer precisely, which affects the calculated result. In the
present study, the linear relationship between ΔθSPR and ΔqM is
sufficient to consider the potential dependence of the static differ-
ential capacitance at the solid electrode interface of an IL. We use
CdX−1 rather than the absolute value of Cd in discussing the poten-
tial dependence of Cd. Although the exact value of A is not neces-
sary, it remains an important future research objective. For example,
molecular dynamics (MD) simulation would be helpful in evaluating
A, α, and β.

III. EXPERIMENTAL
1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-

amide ([C4mim+][TFSA−]) was chosen as the IL, which was pre-
pared from synthesized46 [C4mim+]Cl− and purchased Li+[TFSA−]
(Kanto Chemical) and purified according to the procedure reported
previously.47 An SPR instrument (Springle, Kinetic Evaluation
Instruments) with a Kretschmann configuration48 was used as in
our previous works.23,36 The IL was vacuum evacuated for more
than 2 h before measurement to avoid the effect of impurities.
The working electrode (WE) was a 50-nm gold film deposited on
a SF15 glass (refractive index = 1.6911 at 670 nm). The electrode
was cleaned with Piranha solution. A 670-nm laser beam illumi-
nated the IL-covered gold film in an atmosphere of Ar gas (99.9%)
at room temperature. The refractive indexes of gold, 0.174 + 3.612i,
and [C4mim+][TFSA−], 1.434, at 670 nm were taken from the lit-
erature49 and spectroscopic ellipsometry of the IL surface,50 respec-
tively. The WE surface area was 7.1 × 10−2 cm2. An AgCl-coated

Ag wire quasi-reference electrode (QRE) and a Pt wire counter elec-
trode were inserted directly into the IL. Due to the high viscosity of
the IL, the small amounts of Ag+ and Cl− released from the QRE
likely remain near the AgCl surface and scarcely diffuse to the WE
within the experimental time scale. Thus, the QRE potential is rel-
atively stable. The WE potential with respect to the QRE was con-
trolled by a PC-controlled potentiostat (Autolab Type III). The shift
of the SPR angle, ΔθSPR, from that at t = 0 was recorded during the
measurements.

IV. RESULTS AND DISCUSSION
The SPR angles obtained at three cyclic scan rates are shown

in Fig. 1. The ΔθSPR vs E plots are sigmoidal in shape with the
largest slope occurring at the potential of zero charge, Epzc =−0.61 V,
which was evaluated from the Fc/Fc+ redox potential in this sys-
tem (Fig. S1 in the supplementary material) and the reported Epzc

vs Fc/Fc+ at the [C4mim+][TFSA−]/gold interface.27 The SPR angle
on the negative scan is nearly constant at potentials far removed
from Epzc but changes dramatically near Epzc when scanning from
0 V to −1.2 V. The current recorded concurrently [Fig. S2(a) in
the supplementary material] shows a peak during the negative scan
in this potential range. The position of the current peak indicates
that a large change in surface charge accompanies the variation in
SPR angle, which may reflect the EDL charging process. However,
residual faradaic processes cannot be completely excluded in these
experiments, as will be discussed below. The total change in ΔθSPR
on the forward negative scan (0 V → −1.8 V) is almost the same
for all three scan rates, whereas the change on the −1.8 V → +1 V
positive scan decreases gradually with increasing scan rate. We pre-
sume that the asymmetry of the ultra-slow relaxation is the cause of
this behavior, as we have reported for another IL.23 The ultra-slow
relaxation prevents measurement of the static capacitance. How-
ever, Fig. 1 shows that relaxation occurs rapidly on the negative-
going scan, which indicates its possible use for evaluating the static
capacitance.

Potential-step ESPR measurements were performed to confirm
EDL relaxation at the [C4mim+][TFSA−]/gold interface. According

FIG. 1. Variation of the SPR angle during cyclic potential scans at three scan rates.
Each potential scan begins at 0 V and proceeds to negative values. The vertical
dashed line indicates the potential of zero charge (Epzc = −0.61 V).
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FIG. 2. SPR angle (a) and current (b) changes following multi potential steps (c) in
which the potential is held at 0 V for 1000 s and at −1.2 V for 300 s.

to the mean-field lattice gas model for ionic-liquid EDLs, the poten-
tial dependence of Cd near Epzc shows the characteristic bell-shaped
or camel-shaped curves instead of the U-shaped curve of dilute elec-
trolytes.9–11 Therefore, all experiments were conducted relative to
the Epzc (−0.61 V) with step-potential limits symmetrically chosen
to be 0 V and −1.2 V.

The results of multiple potential-step measurements are shown
in Fig. 2. The potential was held at 0 V for 1000 s and at −1.2 V for
300 s. The SPR angle and current results confirm that the asymmetric
dynamics of the system depend on the direction of the potential step.
On the 0 → −1.2 V step, the SPR angle decreases rapidly by more
than 160 mdeg and is accompanied almost instantaneously by a large
increase in negative current, after which ΔθSPR decreases by less than
20 mdeg over 300 s. On the −1.2→ 0 V step, the SPR angle increases
by less than 40 mdeg and is accompanied by a smaller increase in

positive current. As the potential is held at 0 V for 1000 s, the angle
slowly increases by 120 mdeg.

The charge obtained by integrating the current is shown in
Fig. S3 of the supplementary material. The stable current after relax-
ation is attributed to the faradaic current, the accumulation of which
should not be included in the surface charge at the electrode inter-
face. The charges evaluated by integration of the current in Figs. S2
and S3 differ significantly in appearance from the variations in the
SPR angle. The evaluated charge is always large and negative, which
demonstrates that it does not correspond to ΔqM. Therefore, ΔqM
cannot be evaluated, even in a relative sense, by the current recorded
in electrochemical measurements. The experimental current is con-
siderably sensitive to impurities such as water and oxygen. Small
amounts of impurities are easily detected as faradaic current but
do not cause a change in the refractive index because they diffuse
beyond the evanescent field layer and do not accumulate in the
EDL. Thus, ESPR is a powerful means of monitoring ΔqM, which
is difficult by CV.

Figure 3 shows single-graph overlays from Fig. 2 of the three
relaxation curves obtained following negative and positive potential
steps. There is a small difference in response following the first nega-
tive step [Fig. 3(a)] in that the excursion of ΔθSPR is smaller than that
following the subsequent potential steps. Considering that the first
negative step begins from a completely relaxed state, it is reasonable
that the SPR angle response differs slightly from that of steps start-
ing from a state in the middle of the relaxation. Similar asymmet-
ric relaxation dynamics have been reported at a gold interface with
trioctylmethylammonium bis(nonafluorobutanesulfonyl)amide
[TOMA+][C4C4N−].23 According to Ref. 23, the direction of the
rapid ΔθSPR shift is opposite to that of the potential step because
the large polar TOMA+ and C4C4N− ions readily undergo electronic
and rotational polarization when the potential changes.23 However,
the SPR angle responses of [C4mim+][TFSA−] are always in the same
direction as the potential step and thus differ from the behavior
of [TOMA+][C4C4N−]. A possible explanation is that C4mim+ and
TFSA− possess more localized charge distributions, because of their
smaller ionic volumes. Hence, their relatively small electronic and
rotational polarizations are negligible.

The potential step measurements indicate that the relaxation
dynamics of [C4mim+][TFSA−] are at least 30 times slower in the
positive than in the negative direction. The relatively rapid response
of ΔθSPR to a negative potential step means that the entire relaxation
process is almost completed within a very short time [Fig. 3(a)].

FIG. 3. SPR angle response following
the three successive negative (a) and
positive (b) potential steps in Fig. 2.
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FIG. 4. SPR angle changes upon neg-
ative (a) and positive (b) linear potential
scans at three scan rates.

FIG. 5. Capacitance plots evaluated
from SPR angles obtained on negative-
going (a) and positive-going (b) potential
scans.

In the model section, we described the proportionality of ΔθSPR to
ΔqM without considering the slow dynamics [Eq. (9)]. Therefore, the
quasi-static Cd is calculated from Eq. (10) using negative potential
scan results. Figure 4 shows the changes in ΔθSPR observed upon lin-
ear potential scans in the negative (a) and positive (b) directions. All
measurements began after a hold at the initial potential for at least
1000 s. The linear potential scans were performed in each direction
at three different scan rates. The results from the 0.005 V/s scan rate
are at the lower limit for obtaining reliable data unaffected by the
drift of the SPR angle.

The potential dependences of ΔθSPR are almost independent of
scan rate for the negative scan in Fig. 4(a). However, ΔθSPR is more
strongly influenced by the scan rate in the positive scans shown in
Fig. 4(b), where faster scan rates produce smaller shifts of ΔθSPR.
As discussed on the potential-step measurements (Figs. 2 and 3),
relaxation processes are negligible for potential changes in the nega-
tive direction but are significant for potential changes in the positive
direction. The linear potential-scan measurements highlight the fact
that the dynamical asymmetry is related only to the direction of
potential change not to a specific range of potentials.

Figures 5(a) and 5(b) show Cd results obtained from negative
[Fig. 4(a)] and positive [Fig. 4(b)] linear potential scans, respec-
tively, using Eq. (10). The y-axis in Fig. 5 is Cd/X [see Eq. (10)]. As
expected, the capacitance shown in Fig. 5(a) obtained on negative
scan is only slightly influenced by scan rate, whereas that obtained
on positive scan [Fig. 5(b)] is significantly affected. Values of Cd in
Fig. 5(b) are considerably lower than those in Fig. 5(a) and decrease
completely at the larger scan rates. The results are consistent with
slow dynamics following a positive change in potential [Fig. 3(b)
for potential step and Fig. 4(b) for potential scan]. Cd is calculated

to be a negative number at several potentials, which is physically
impossible. The phenomenon is comparable to the static Cd results
obtained by the pendant drop method,31 where the [C2mim+][BF4

−]
and [C8mim+][BF4

−] ILs exhibit static Cd values of near 0 at both
the extremes of their bell-shaped or camel-shaped Cd curves. The
[C4mim+][TFSA−] results in the present study support this obser-
vation; however, according to the sigmoidal-shape of the ΔθSPR
response in Fig. 1, Cd does not increase at potentials far from Epzc,
unlike the behavior in Ref. 31.

The potential dependence of the differential capacitance illus-
trated in Fig. 5(a) as a camel-shaped response centered at the Epzc

FIG. 6. Capacitance values (points) determined from SPR angles obtained on
negative-going potential scans and curves (dashed lines) fitted to the mean-field
lattice gas model.
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TABLE I. Parameters fitted using the mean-field lattice gas model.

Scan rate (V/s) ΔEfit (V) Cd0X−1 (mdeg/V) α γa γc Epzc (V)

0.005 −0.965 to −0.327 402 ± 8 0.451 ± 0.012 0.157 ± 0.005 0.211 ± 0.008 −0.667 ± 0.004
0.050 −0.894 to −0.400 394 ± 13 0.60 ± 0.02 0.091 ± 0.005 0.199 ± 0.013 −0.688 ± 0.005
0.500 −0.947 to −0.473 390 ± 20 0.59 ± 0.04 0.089 ± 0.006 0.212 ± 0.023 −0.719 ± 0.007

appears to be a universal observation. The behavior is relatively well
explained by the mean-field lattice gas model,9–11 which was used to
fit the Cd data from Fig. 5(a) by means of the following equation:10

Cd = Cd0
cosh(αu/2)

1 + 2γ(u)sinh2
(αu/2)

¿
Á
ÁÀ 2γ(u)sinh2

(αu/2)
ln[1 + 2γ(u)sinh2

(αu/2)]
,

γ(u) = γa +
γa − γc

1 + eαu
,

u =
(E − Epzc)F

RT
,

(11)

where Cd0 is the differential capacitance at Epzc (fitted together with
the coefficient X as one parameter), α is a short-range correla-
tion parameter arising from the difference between the attraction
of counterions and repulsion of co-ions, γa and γc are the com-
pacity parameters, which equal the ratio of the bulk to maximum
concentration of anions and cations, respectively, in the EDL, R is
the gas constant, and T is the temperature. According to the pen-
dant drop experiments31,32 and molecular dynamics (MD) simula-
tions,16,17 application of the mean-field lattice gas model is limited
to potentials close to the Epzc because factors such as the reorien-
tation and densification of ions in the EDL are not included in the
model. The potential range of fitted data in this study, ΔEfit, was cho-
sen to minimize the deviation of the data from the fitted curves and
to extend as widely as possible around the Epzc. The fitted curves at
different scan rates are shown in Fig. 6, and the fitted parameters
with standard errors are found in Table I.

The fitted values of Cd0X−1 decrease slightly and the poten-
tial of zero charge, Epzc, moves in the negative direction as the
scan rate increases. Both observations demonstrate that the slow
dynamics are non-negligible even in the negative potential scan. γa
is smaller than γc at all three scan rates. This difference causes the
Cd maximum to be larger on the positive side of the Epzc based
on the mean-field lattice gas model with asymmetric ionic sizes.51

This characteristic was also observed in MD simulation studies on
the [C4mim+][TFSA−]/graphite interface.52,53 The values of γc are
almost constant (∼0.2), whereas those of γa decrease with increasing
scan rate. Thus, cation dynamics may be faster than anion dynamics,
which could be the apparent origin of the slow dynamics that occur
when the potential is changed in the positive direction.

V. CONCLUSIONS
In the present study, we propose a phenomenological model

for measuring the static differential capacitance at a solid elec-
trode/IL interface using ESPR. The change in the SPR angle, ΔθSPR,

is expressed as a product of the change in surface charge density and
a coefficient based on characteristic responses of refractive indexes
at the interface to the change in surface charge density. Experimental
validation was performed by potential-scan ESPR measurements at
the gold/[C4mim+][TFSA−] interface. The resulting plots of ΔθSPR
vs potential are sigmoidal in shape. Potential-step experiments were
conducted to evaluate the effects of slow dynamics at the IL/gold
interface. Asymmetrical dynamics, which depend on the direction of
potential change, are observed for [C4mim+][TFSA−]. The dynam-
ics following a negative potential change are significantly faster than
a positive potential change. The SPR angle results obtained by lin-
ear potential scan in different directions and at different scan rates
agree with potential-step results. The asymmetry depends only on
the direction of potential change and not the range of potential val-
ues. Quasi-static differential capacitances calculated from the SPR
angle changes on negative potential scan show camel-shaped curves
without significant dynamical effects and agree with the mean-field
lattice gas model9–11 and MD simulation results.52,53 More detailed
studies of interfacial IL dynamics by ESPR are in progress.

SUPPLEMENTARY MATERIAL

See the supplementary material for the evaluation of the poten-
tial of zero charge in the system and the current results recorded in
the ESPR experiments.
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