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Many electrochemical devices are based on the fundamental process of ion migration and
accumulation on surfaces. Complex interplay of molecular properties of ions and device
dimensions control the entire process and define the overall dynamics of the system.
Particularly, for ionic liquid-based electrolytes it is often not clear which property, and
to what extent, contributes to the overall performance of the device. Herein we use X-
ray photoelectron spectroscopy (XPS) while the device is under electrical bias. Such
a procedure reveals localized electrical potential developments, through binding energy
shifts of the atomic core levels, in a chemically specific fashion. Combining it with
square-wave AC modulation, the information can also be extended to time domain, and
we investigate devices configured as a coplanar capacitor, with an ionic liquid as the
electrolyte, in macro-dimensions. Our analysis reveals that a nonlinear voltage profile
across the device emerges from spatially non-uniform electrical double layer formation
on electrode surfaces. Interestingly the coplanar capacitor has an extremely slow time
response which is particularly controlled by IL film thickness. XPS measurements can
capture the ion dynamics in the tens of seconds to microseconds range, and reveal that
ionic motion is all over the device, including on metallic electrode regions. This
behavior can only be attributed to motion in more than one dimension. The ion
dynamics can also be faithfully simulated by using a modified PNP equation, taking into
account steric effects, and device dimensions. XPS measurements on two devices with
different dimensions corroborated and validated the simulation results. The present
results propose a new experimental approach and provide new insights into the
dynamics of ions across electrochemical devices.
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Introduction

Motion of ions within electrified electrodes that have liquid electrolytes in
between is the most important process controlling the performance of many
electrochemical systems, spanning a wide range of micro- and macro-devices,
used for investigation of bio-systems,"* batteries,* fuel-cells,* solar-cells® and
super-capacitors,® etc. Ionic liquids have recently been added to the conventional
list of electrolytes, and have quickly assumed a promising role, due to their
convenient physical and chemical properties, such as low-volatility, high
conductivity, larger operating potential window, and low toxicity.”** The most
important phenomenon affecting the ionic motion or transport in all of these
systems has long been advocated to be the formation of the Electrical Double-
Layer (EDL) for both faradaic and non-faradaic processes, since ions at the
interface of the polarized/charged surfaces can and do rearrange to screen this
charge.™ The resulting concentration and, therefore, the electrical potential
profile at the electrode/electrolyte interface further triggers a multitude of
processes controlling the kinetics and thermodynamics of the electrochemical
systems." Therefore, investigation of static and dynamic properties of the EDL
has been a focus both experimentally and theoretically dating back to Helmholtz
approaching 17 decades ago."

Recent progress has shed further light on the time dependency, particularly
the nonlinear response of the thin double layer in a parallel plate configuration,
where Bazant et al. identified different time scales controlled by geometric and
ionic diffusion properties of the chemical make-up within such devices.***®* Most
of these approaches have been developed and tested for small electrical potentials
and relatively dilute aqueous solutions, while extension to higher voltages and
highly concentrated electrolytes, as in the case of ionic liquids, still remains
a challenging task due to the high interaction energy and long-range coulombic
forces. Accordingly, the same group had modified their theoretical approaches
and developed a comprehensive model (Bazant-Storey-Kornyshev, aka BSK
theory) including steric interactions, overcrowding and under-screening
dynamics of RTILs."”*® Alternatively, the pattern formation frameworks particu-
larly mesoscale phase separation principles have been recently implemented to
reveal the clustering behavior of 1Ls.>*>

All of these new concepts have also been tested using electro-chemical,***’
microscopic,*** terahertz imaging,*' and X-ray scattering techniques,*** strongly
guided and/or corroborated by modeling/simulation studies.**** Use of electro-
chemical force microscopy has given intriguing new input into the dynamics of
charge screening at the solid-aqueous interfaces by identifying multiple time
constants and relatively larger length scales of up to 10 microns.***” But again,
such distances are still too small to represent real-life electrochemical devices,
moreover, information not only at the interfaces but in regions covering the entire
device are needed.

Recent findings clearly point out that dynamics of the charging processes in
devices with ionic liquids as electrolytes differ widely from conventional ones
exhibiting multiple time and length scales, spanning from very fast, Debye-layer
charging (107° s) to ultra-slow, bifurcation-like (10* s) processes under static or
time-varying electrical stresses.**** Although these methods illuminate the
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electrostatic phenomena at the interface, the link to the underlying physics/
chemistry is missing. Deeper understanding of the detailed charge diffusion
dynamics and evolution of double layer formation across millimeter-large device
structures is still elusive. In order to give a different perspective, we combine X-ray
photoelectron spectroscopy (XPS) with AC modulation and computational
models, covering steric effects and large-scale device configurations.

XPS is a favorable chemical analysis tool and gives quantitative information
with high surface sensitivity, but only with a limited spatial resolution, on orders
of 50-100 microns for the lab-based instruments. On the other hand, an under-
utilized advantage of XPS is the capability to faithfully reflect the local electrical
potential profiles, vital for further advancement of various applications of elec-
trochemical systems. Under an electrical bias, core level photoelectrons measured
by XPS undergo binding energy shifts which reflect the local potential (V) on
investigated surfaces in a chemically specific fashion. Here, the limit of the energy
sensitivity of the common lab-based instruments is about 100 meV, and the
technique is also relatively non-invasive. This is related to the expected IR drop
due to the low currents related to the photoelectron emission process on orders of
~1 nA, which translates to a negligibly small energy shift of ~1 meV for an ionic
liquid film having ~1 MQ resistance, and not measurable by XPS. In one of the
first studies of ionic liquids, a drop of ionic liquid was placed on an inclined
electrode.*® Their experimental set-up enabled formation of a liquid film thin
enough to probe the IL/electrode interface such that the authors were able to
follow the EDL processes by tracing the shifts in the core-level binding energies
under external potential bias. Whereas, application of DC potentials during XPS
data acquisition provides steady state information, our group has previously
shown that AC excitation is indispensable for investigation of the dynamics of
electrical potential developments.*’~>*

In this study, we report on using XPS to directly probe certain features of the
diffuse charge dynamics of a sample in the form of a coplanar-plate capacitor
geometry, having an IL as the electrolyte, while imposing a square-wave (AC)
potential excitation with frequencies ranging from mHz to kHz at room
temperature. Note that for the commonly used parallel plate capacitor, the
probing XPS beam would not have direct access to the electrical double layer.
Using a coplanar capacitor configuration instead, we have the opportunity to
spatially extend the beam and probe the effects of screening the applied potential
through ion movement across a large electrolyte medium, since the ionic motion
materializes in all regions of the device. Square-wave, rather than conventional
electrochemical sine-wave modulation is preferred, since it causes almost no
distortion of the XPS peaks.

Supported with numerical simulations, particularly by taking into account the
2-dimensional nature of ionic motion, our analyses consist of XPS data gathering
in the forms of areal and line scans at different but constant frequencies for giving
spatial information throughout the extended length scales.*”»**** Our approach
provides new insights into potential developments, particularly on spatial charge
dynamics on devices, at the positions they occur. Mapping the 2-D spatiotemporal
dynamics of IL is an important and timely approach to tap into the complex non-
equilibrium and pattern formation phenomena which have attracted significant
scientific interest recently.*">>343¢
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Experimental

N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium bis(tri-
fluoromethanesulfonyl)imide (DEME-TFSI) was purchased from Sigma-Aldrich
and used without any purification. DEME-TFSI is chosen as the ionic liquid
medium, since it has a relatively large electro-chemical window, and has a strong
F 1s signal (6 F atoms per anion) for better data processing. The coplanar
capacitor device configuration used in this study consists of two Au electrodes
deposited onto a porous polyethylene membrane (PEM, from Gelon LIB), which
are used as the source and the drain electrodes, and a 5 pL ionic liquid (DEME-
TFSI) is soaked into the uncovered membrane in between, acting as a contin-
uous liquid film as the electrolyte medium. One of the electrodes is used as
a working electrode to apply the external bias while the other one, the counter
electrode is always kept at ground potential.

A Thermo Fisher K-alpha X-ray photoelectron spectrometer with mono-
chromatized X-rays of 1486.6 eV is used for all XPS measurements. Core level
spectra were collected using 50 eV analyzer pass energy, but for time-resolved XPS
measurements, the fast data gathering, the snapshot mode with 150 eV pass
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Fig. 1 (a) Schematics of the co-planar capacitor for probing the dynamics of the charging
of the ionic liquid medium by the XPS probe beam, under operando conditions, where
both current and peak positions are recorded simultaneously. The function generator is
connected to the source electrode to impose a DC, or an AC (SQW), excitation with a fixed
or variable frequency. (b) Survey XP spectrum of the IL and F 1s region representative of the
anion. (c) Chemical formula of the IL. (d) Au 4f XP spectra, recorded at the source elec-
trode and under -3, 0, and +3 V DC bias.
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energy is used instead of the scanning mode. X-Ray spot size is set to 50 pm for
line scan and 100 um for single point measurements. Pressure in the analyzing
chamber is always kept under 10~® mbar. Fitting procedure is performed using
the Avantage software equipped with the instrument. All the fits reported in this
work have been carried out using a symmetrical Gaussian/Lorentzian product
function with ratios of 30/70 after Shirley background subtraction. A schematic
representation of the device with the ionic liquid and the gold electrodes is shown
in Fig. 1(a). An XP survey spectrum of the IL, together with a scanned spectrum of
the F 1s region, is depicted in Fig. 1(b). The chemical formula of the IL is dis-
played in Fig. 1(c). Fig. 1(d) shows XP spectra of the Au 4f spin-orbit doublet,
recorded at the source electrode and under —3, 0, and +3 V DC bias.

Simulations

To gain a more quantitative representation of charge dynamics, we performed
Finite Element Method (FEM) simulations based on Poisson-Nernst-Planck
(PNP) equations.*** Conventional PNP equations can only capture the drift-
diffusion dynamics of dilute electrolytes. However, in IL due to finite size
effects of ions, these equations require precise modifications to take into account
the essential steric effects. The other important feature we must also consider is
the diffusion process of ionic liquids. An IL is a solvent-free, molten salt and it
maintains uniform total ion density (p + n = 2c¢,). Unlike dilute ions in a solvent,
due to this constraint, diffusion dynamics of an IL are driven by the inter-
diffusion process which can be implemented by following the Onsager frame-
work (J ~ pnV(u)), where u is the chemical potential.>**

Several models have recently been developed for RTILs. Specifically, we restrict
ourselves to a Chan-Hillard-Poisson type framework to include all these steric
effects, coulombic interactions and the Onsager diffusion process.**** We used
COMSOL Multiphysics for modeling. Following Gavish and Yochelis,* the free
energy can be written as

F = JkBTQ) Inp+nlnn)+ [q(p—n)d)— §|V¢ﬂ

1 [Bnp eok’ 2 2
+— |52+ 2 (19l + (vl
e (R
p and n are cation and anion molar concentrations, ¢, = 3.3 M is the initial bulk
ion concentration and ¢ is the electric potential. Further, the modified Poisson-
Nernst-Planck equations and the corresponding currents are given below;
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where, D; = 1 x 10~" m® s is the isotropic diffusion coefficient,”® g is the
elementary charge and ¢ ~ 20 is the dielectric constant of the IL.”” We assume an
equal ion diameter a = 0.4-0.6 nm which sets the maximum ion concentration to
2¢o = 6.6 M through the ionic steric interactions.

Results and discussion
(I) XPS measurements

(I-a) Measuring the localized equilibrium voltage distributions. The Au 4f,/,
peak has a binding energy of 84.0 eV when the system is grounded but shifts to
87.0 and 81.0 eV when biased with +3 and —3 V, respectively, and no corre-
sponding shifts are observable for the same spectrum recorded on the grounded
drain electrode. When both of the electrodes are grounded, the F 1s peak appears
at the tabulated binding energy position of 688.5 eV, and is expected to shift to
a higher (lower) position under positive (negative) bias respectively. However,
contrary to the trivial 3.0 eV shifts of the electrode Au 4f peaks [see Fig. 1(d), 2(a)
and (c)], the F 1s peak undergoes smaller shifts due to screening of the electrode
potential, hence gives pertinent information both under DC and AC actuations,
related to static and dynamic screening, respectively, operative within the entire
probed system. Such a situation is shown in Fig. 2, for our coplanar capacitor,
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Fig. 2 Recorded line-scan XP spectra under +3, 0 and —3 V DC bias, respectively. (a)-(c)
Au 4f region representative of the metal electrodes. (d)—(f) F 1s region representative of the
IL. (g) Extracted F 1s binding energy variations.
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where line scan spectra of the Au 4f and also F 1s peaks are displayed along the
central line of the capacitor.

The line starts on the source electrode, which is ~2 mm wide and continues
along the entire ~6 mm electrolyte film and ends after spanning the grounded
electrode. Note that the electrodes are also partially covered with a thin layer of
the liquid electrolyte, since the F 1s signal is also measurable in that region.
Screening effects at the quasi-steady-state (>500 s) are readily seen, as exemplified
by the measured F 1s peak as a function of the position of the probe beam on and
across the electrodes, in Fig. 2(d) and (f). The F 1s peak undergoes shifts less than
the applied voltage, due to the effective screening through the double layer
formation on the electrodes, hence can be used as the reflection of the local
electrical potential within the device.

(I-b) Measuring the temporal and localized voltage distributions. To capture
the temporal variations across the device, we recorded the F 1s region in the snap-
shot mode with 1 second time-intervals at a low frequency of 10 mHz (100 spectra
in one cycle), as depicted in Fig. 3, at the three positions indicated.

It is seen from Fig. 3(a) and (e), when the positive cycle begins, the F 1s shifts
instantaneously by almost +3 eV (688.5 + 3 = 691.5 eV) and gets shifted down as
the screening takes place, with an approximate time constant of 4 seconds.
During the negative cycle [Fig. 3(a) and (f)], the corresponding value is 685.5 eV
and the time constant is more than twice that of the positive one. Moreover,
response of the F 1s on the other electrode is quite different. In addition, there are
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Fig. 3 (a)—(c) F 1s XP spectra of the IL recorded in the snap-shot mode at three different
positions of the capacitor. (d) Schematics of the device. (e) and (f) Variation of the
differences in the F 1s B.E. as a function of time, extracted from (a) and (c), respectively.
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no measurable temporal shifts in the F 1s peak position in the middle of the
device, in perfect harmony with the near-electrode measurements.

The most logical hypothesis explaining this observation is that the varying and
transient voltage levels across the device are gradually approaching to the equi-
librium distribution (~1.5 V). These results indicate that the response time of the
device is slow enough to observe the detailed voltage transitions across the
capacitor using XPS measurements. Note in passing that ionic motion is evident
all over the device, and is controlled presumably by a combination of different
electrochemical processes, and can easily be captured by XPS measurements.

These results bring out several interesting features which differ from those of
a simple parallel plate electrolytic capacitor with blocking metal electrodes, such
as: (i) very slow electrical response time, (ii) presence of asymmetric equilibrium
voltage distribution, (iii) non-uniform and nonconforming (due to effective
screening) electrical potential distribution on the surface of IL moieties and
across the metal electrodes. Naively, we can claim that these observations are
originating from the interplay of steric effects, geometrical constraints and the
IL’s droplet coverage of the large gold electrodes. Using the computational model
we will further focus on these distinct features to reveal the detailed factors
controlling these responses.

(I-c) Measuring the transient and localized voltage distributions. As a next step
we focused on frequency response of our coplanar capacitor. We have been using
a procedure to extract time-dependent variations of localized electrical potential
developments, by recording XP spectra under square-wave AC modulation, which
introduces a controllable time-window while causing minimum distortion to the
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Fig. 4 (a) XP spectra of the F 1s region of the IL across the coplanar capacitor, recorded
under various 3 V SQW excitations. (b) Schematics of the device. (c) Extracted BEs, and (d)
their differences as a function of the distance across the coplanar-capacitor.
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line-shape as depicted in Fig. 4(a). The format of the spectra is in the forms of line-
scans along the central line of the capacitor, and is similar to those given in Fig. 2.
However, now both the positive and the negative cycles are depicted simulta-
neously, spanning a wide frequency range of 5 decades (0.1 Hz to 10 kHz),
reflecting the time-dependent local potential developments along the entire
capacitor.

(I-d) Transient and localized voltage distributions in two different devices. As
was mentioned in the Introduction section, for a parallel plate capacitor, Bazant,
through simulations predicted three time scales, which are: tp = 24%/D, 1. = AqL/D
and 1, = L*/D, where ]4 is the Debye length, 2L is the distance between electrodes
and D is the diffusion constant. These are the time constants associated with local
charge redistribution (EDL), diffusion across the cell, and the diffuse-charge
dynamics, respectively. To check the validity of this prediction, we have also
carried out similar measurements on another co-planar capacitor device which
has only half of the IL channel width of 2L = 3 mm. The results are depicted in
Fig. 5, together with the first device (2L = 6 mm) reported in previous sections,
yielding more or less the same local potential screening, except for a faster
response, probably attributable to the higher electrical field imposed. The largest
potential screenings are measured right near the two interfaces of the metal
electrodes with the IL film, but screening throughout the metal electrodes is also
significant. We can obtain information regarding: (i) the quantity of the screened
charges, and also (ii) their dynamics, using the extracted screened potentials
(—2.4 and —1.9 V for these two devices, both in 10 seconds).

The screening potential developed between the center of the device (L = 0) and
the interface (L = 3 mm) can in turn be related to the ionic charges through the
following equation:**

F
g = 4dmeegL x @ = 47 x 20 x 8.85 x IO’IZE x0.003 mx (24 V)=6x10" C

where a dielectric constant of 20 is used for the IL.*” This formula tells us that an
ion concentration difference of ~4 x 10° develops within 10 seconds (between
0.1 Hz and 10 kHz).
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Fig.5 Measured binding energy of the F 1s peak recorded with 10 kHz and 0.1 Hz 3V SQW
modulation across the two coplanar capacitors: (a) 2L = 6 mm and (b) 2L = 3 mm,
respectively. The corresponding and extracted B.E. differences between the two
frequencies together with effective screened local electrical potentials for the two devices
are given in (c) and (d).
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If we use the diffusion constant of 5 x 10~"" m”> s~ ', we would get a diffusion
length of only [(5 x 107" m* 57" x 10 5)>® =] 0.02 mm for the time interval of
10 s. Alternatively, we can use the viscosity coefficient of the IL (n = ~50 cP),*®
under the applied potential of 3 V to estimate the drift velocity (&) using the
following formula:**

= E x el6mtyr = (2.4 V/0.003 m) x (1.6 x 107" O)/(61 x 50 cP x 0.2 nm) =7 x
10 °ms™!

where, r is the ion radius (~0.2 nm). This formula yields ~0.07 mm for the time
interval of 10 s. Both of these two naive approaches yield more than 2 orders of
magnitude smaller ion movements when compared with our XPS measurements.
Hence, other experimental and/or geometrical parameters must be in effect to
explain the results.

(I1) Simulations

(IT-a) Numerical simulations of charge dynamics of a parallel plate capacitor.
To validate the numerical simulations, we first focused on the 1D parallel plate
capacitor configuration. As an initial step we assessed the time response of the
capacitor and contribution of steric effects and clustering dynamics to this
charging process. We transiently applied a voltage step (1 V) to one electrode and
grounded the other one. Fig. 4 summarizes the time responses of the IL based
capacitor. Although the initial voltage distribution across the capacitor is linear
between 0 to 1V, at the steady state, through the two equivalent EDL formation it
drops the voltage to the equilibrium level of 0.5 V. As ions accumulate on the
electrodes, this initially linear voltage distribution converges to a flat equilibrium
profile. Depending on the analyzed points on the device the local voltage shows
up and down shifts towards this equilibrium level. Note that the center of the
device shows a flat response, this is because this point is already at the equilib-
rium condition. As a second step we probed the time response of the system. The
results of the simulations are depicted in Fig. 6.

(b)

Time

10 15
Distance (A ) Distance (mm)

Fig. 6 Schematic representation of: (a) the ion distribution near both electrodes. (b) The
ion distribution near the electrodes for the parallel plate capacitor and changes in the ion
distribution near the electrified electrode as a function of time, after imposing a steric limit.
Red dotted curve shows the voltage response in the absence of any steric limit. (c) Cor-
responding local voltage changes as a function of time along the perpendicular line to the
plates.
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As expected, the steric effects dramatically decrease the relaxation time of the
capacitor from 200 to 2 ms, since the steric interactions significantly extend the
width of the electric double layer and decrease the capacitance of the electrode
surface. In the absence of a steric limit, the conventional Debye screening length
is about A = 0.1 nm, but length scale and accumulated charge densities around
the electrodes are not realistic. In our simulation, the finite size of the ion leads to
the formation of a much larger condensed layer of A > 1 nm. This extension and
the decrease in the capacitance eventually decrease the response of the system.
The intuition behind this process can be simply grasped by analyzing a typical
response time of a parallel plate capacitor which is defined by the RC time
constant. Capacitance C is controlled by the electric double layer formation on the
surfaces and resistance R is set by ion conduction across the device.

When we compare the experimental and simulation results of time responses,
we find that the experimental results are much slower than can be predicted by
the numerical calculations, Tex, = 4 s 3> T4, = 2 ms. Moreover, as we noted
earlier, the other surprising feature we observed in XPS measurements is the
extension of the voltage modulations deep into the electrode surfaces. These
observations support the idea that 2-dimensional effects play a significant role in
defining overall response of the system. Motivated by these observations and in
order to account for these effects, we focused on simulating a more realistic
configuration of the coplanar capacitor.

(11-b) Simulations of charge dynamics of a co-planar capacitor. The main
difference between parallel and coplanar configurations is occurrence of time-
dependent and non-uniform electric fields on the electrodes. To observe the
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Fig. 7 (a) A schematic representation of 2D coplanar capacitor configuration, together
with the color coded voltage profiles. (b) Magnitude of electric field on the surface of the
electrodes under a suddenly applied voltage within 10 kHz and 0.1 Hz time-windows (i.e.
1/10 charging time). (c) Charge densities over the electrodes. (d) Voltage profiles at the
designated two frequencies, and (e) at more frequencies. (f) Temporal variations of the
extracted potential changes for the two devices near the electrified electrode as shown by
the red arrow.
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influence of this electric field profile on charge dynamics we performed 2-
dimensional FEM simulations. Fig. 7 shows typical results of 2-dimensional
cross-sectional view of electric field vectors, charge profiles and voltage distri-
butions across the device. The magnitude of the electric field decays across the
electrode surface. The main impact of this electric field profile is the emergence of
a transient non-uniform electric double layer. Our simulations show that the drift
of the charges and screening of the voltage on electrode surfaces significantly
depend on the magnitude of the electric field. The non-uniform electric field
eventually gives rise to non-uniform EDL layer formation across the surface of the
electrodes. Due to steric effects the width of this condensed layer gradually grows.

In turn, the non-uniform and extended electrical double layer abruptly drops
the electrode voltage and results also in a non-uniform voltage distribution.
Although the double layer is buried under the IL film, the voltage profile on the
electrodes can be measured on the surface of the IL droplet. This is simply
observed by following the equipotential lines across the liquid film. Fig. 7(d)
shows the simulated voltage profile on the droplet surface. This profile is dictated
by the transient non-uniform EDL on electrode surfaces and can also be captured
by XPS measurements. Moreover, the dynamics of this EDL can be monitored
indirectly by measuring surface voltage. At a later stage, a non-uniform EDL
gradually converges to a uniform distribution, and eventually reaches the equi-
librium voltage across the device.

(I1-c) Effects of the device dimensions. Through our simulation efforts, we
have also noticed that the time response of the coplanar capacitor is particularly
controlled by the thickness of the IL layer. This thickness together with the device
length simply tunes the ion conduction of the system and sets the RC time
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Fig. 8 (a) Schematics of the co-planar capacitor. Localized potential screening across the
two co-planar capacitors obtained via: (b) simulations and (c) XPS measurements, for the
two different devices, respectively.
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constant. Our simulation results showed that a d = 3 um thick and 2L = 6 mm
long IL layer provides 74, = 5 s response time which is close to our experimental
measurements. Moreover, for a similar but shorter device (2L = 3 mm) the same
time constant is reduced to ~2.5 s, again not too far off from the experimental
data which are presented in Fig. 7(f) and 8.

The overall time constant of the device (t = RC) can now be formulated to scale
linearly with the device length and inversely with the ionic liquid film thickness (z
~ L/d). This is in harmony with Bazant’s predictions formulated for a parallel-
plate capacitor, except for the very important finding that IL film thickness
needs to be taken into account for 2-D ionic motion, as is the case for our co-
planar capacitor.

Conclusions

XPS under square-wave modulation is utilized to tap into the dynamics of local-
ized charge accumulation and dissipation of a co-planar capacitor device, with an
ionic liquid film as the electrolyte in between two gold electrodes in macro-
dimensions. The results revealed two important findings: (i) dynamics of the
charging/discharging processes are very slow, and (ii) temporal voltage variations
are also measurable on electrode surfaces. In order to have deeper understanding,
the COMSOL modelling software was used considering both 1- and 2-dimensional
ionic motion. Simulation results were very successful in reproducing both
temporal and spatial voltage variations across entire devices, measured by XPS.
The simulation results also brought up a new understanding that the device time
constant (t = RC) is found to scale linearly with the device length and inversely
with the ionic liquid film thickness (t ~ L/d). This is in harmony with theoretical
predictions, except for the new finding that IL film thickness has to be included.
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