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Abstract

While most supercapacitors are limited in their performance by the stability of the
electrolyte, using neat ionic liquids (ILs) as the electrolyte can expand the voltage window
and temperature range of operation. In this study, ILs with bis(trifluoromethylsulfonyl)
imide (Tf2N) as the anion were investigated as the electrolyte in onion-like carbon-based
electrochemical capacitors. To probe the influence of cations on the electrochemical
performance of supercapacitors, three different cations were used: 1-ethyl-3-
methylimidazolium, 1-hexyl-3-methylimidazolium and 1,6-bis(3-methylimidazolium-1-yl).
A series of electrochemical characterization tests was performed using cyclic voltammetry
(CV), galvanostatic cycling and electrochemical impedance spectroscopy (EIS). Diffusion
coefficients were measured using EIS and correlated with quasielastic neutron scattering and
molecular dynamics simulation. These three techniques were used in parallel to confirm a
consistent trend between the three ILs. It was found that the IL with the smaller sized cation
had a larger diffusion coefficient, leading to a higher capacitance at faster charge—discharge
rates. Furthermore, the IL electrolyte performance was correlated with increasing temperature,
which limited the voltage stability window and led to the formation of a solid electrolyte
interphase on the carbon electrode surface, evident in both the CV and EIS experiments.

Keywords: ionic liquids, onion-like carbons, electrochemical capacitor, solid electrolyte

interphase, diffusion coefficient

(Some figures may appear in colour only in the online journal)

1. Introduction

Electrochemical capacitors (ECs) are energy storage devices
that bridge the gap between batteries and conventional dielec-
tric and electrolytic capacitors. ECs are typically used for high
power applications requiring a long cycle life, given that their
lifetime can exceed 1 million charge—discharge cycles. Within
ECs, there are electric double-layer capacitors (EDLCs) which

0953-8984/14/284104+10$33.00

store charge purely electrostatically, theoretically void of any
chemical reactions. These EDLC devices are typically com-
posed of a high surface area carbon electrode, an electrically
insulating and ionically conducting separator, current collec-
tors and an electrolyte [1, 2]. Upon charging of the carbon
electrode, counter ions in the electrolyte reorient and move
toward the electrode surface to balance the charge, creating an
electric double layer (EDL) [3].

© 2014 I0P Publishing Ltd  Printed in the UK
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The carbon material of choice in a commercial EDLC is
activated carbon, which has a surface area of ~1500 m? g™ and
an average pore size of ~1 nm [4]. Other carbon materials can
also be used, such as graphene [5], carbon nanotubes (CNTs)
[6], carbide-derived carbon (CDC) [7, 8] and onion-like carbon
(OLC) [9-12], and these can be categorized as either endohe-
dral or exohedral based on where the electrolyte ions reside with
respect to their physical structure. Endohedral carbons (acti-
vated carbon and CDC) have porous networks within individual
particles while exohedral carbons (CNTs, graphene and OLC)
have little or no internal porosity, and most of their surface area
accessible to electrolyte ions is on the outside of particles. This
structural difference has consequences for EDLCs, in that ions
in the EDL of an endohedral carbon experience additional ionic
resistance, leading to decreased performance at faster charge—
discharge rates [13]. Exohedral structures, while having a lower
specific surface area, allow the use of more viscous electrolytes,
such as neat ionic liquids (ILs), at room temperature.

In the case of exohedral carbon particles with a fixed sur-
face area, the electrolyte properties dictate the performance
of the resulting EDLC device. A low viscosity and high dif-
fusion coefficient lead to a decreased ionic resistance and an
enhanced power density as ions are able to efficiently move
through the EDL at faster charge—discharge rates. The electro-
chemical stability window of the solvent dictates the energy
density by equation (1):

1
= 2
E= > XCV2, 1)
where C and V are the capacitance (F g™') and operating volt-
age (V) of the device [3].

Electrolytes for EDLCs can be classified into three catego-
ries based on their solvents. Aqueous electrolytes with water
as the solvent, such as H,SO, or KOH, have a maximum
operating voltage of ~1.2'V, above which water splitting will
occur. Organic electrolytes, typically with acetonitrile or pro-
pylene carbonate as the solvent, combined with a salt such as
tetraethylammonium tetrafluoroborate (NEts-BF,), have a max-
imum operating voltage of ~2.7 V. The third type of electrolyte
that has proved promising for EDLCs is solvent-free ILs, which
have a theoretical operating voltage up to 6 V depending on the
cation—anion combinations [14]. In practice, the ion breakdown
occurs at lower voltages due to interactions with the carbon
electrode or the presence of moisture and other contaminants,
but the practical voltage window (3-3.5 V) is still much higher
than in aqueous and most organic electrolytes [15].

ILs can be considered as molten salts, like sodium chlo-
ride, which are liquid at ambient conditions, making them
ideal for EDLCs. ILs are interesting for study in ECs because
of their unique properties such as negligible vapor pressure,
low melting point, high boiling point and chemical stability
[16]. Although many ILs have been discovered, the ILs that
are most extensively studied are those based on the dialkylim-
idazolium cation since when paired with the tetrafuoroborate
anion, they are resistant to moisture traces [17]. These ions
contain an alkyl chain that can vary in size and length. The
capacitive effects of the alkyl chain length have been inves-
tigated experimentally as this structural difference affects

properties such as viscosity and conductivity [18, 19]. Studies
show that the capacitance of EDLCs decreases with increas-
ing alkyl chain length of the cation in the IL [19, 20].

The diffusion coefficient (D) of electrolyte ions is an impor-
tant parameter, as it can be used to relate physical properties such
as ionic conductivity or viscosity, which have consequences for
EDLC applications. However, when ions are confined in pores
or on the surface of carbon, the diffusion rate can be strongly
changed. While diffusion in porous carbons has been studied,
specifically with aqueous electrolytes [21], diffusion of ILs at the
surface of exohedral particles has not been investigated so far.

In this work, we show the results for ILs at the surface
of OLC for EDLC applications. Diffusion coefficients were
calculated from EIS and correlated with quasielastic neutron
scattering (QENS) measurements and molecular dynam-
ics (MD) simulations. OLC was used as the electrode mate-
rial to reduce the added variable that nanopores would have
on the system. In order to investigate the influence of the
cation type, we use the same anion but three different cati-
ons in this study. The ILs used were 1-ethyl-3-methylimid-
azolium bis(trifluoromethylsulfonyl)imide [EMIM][Tf2N],
1-hexyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)
imide [HMIM][Tf2N] and 1,6-bis(3-methylimidazolium-
1-yl) bis(trifluoromethylsulfonyl)imide [BMIH][T{2N]. Both
[EMIM] and [HMIM] ions are monovalent (+1 charge), while
[BMIH] is divalent (+2 charge).

2. Materials and experiment

OLC was made by annealing a nanodiamond precursor (UD90
grade, SP3 Diamond Technologies, USA) [22] at 1800 °C and
applying a vacuum of ~107° Torr for 3 h in a custom-made
vacuum furnace (Solar Atmospheres, USA). OLC has a
~5-7 nm diameter and a highly graphitic structure resembling
that of an onion. Data previously published on this material
[9] reports a surface area of ~450 m?> ¢! and a broad pore
size distribution from 3-20 nm, with ‘pores’ formed by voids
between carbon particles.

Synthesis of [EMIM][T{2N] [23], [HMIM][Tf2N] [24] and
[BMIH][Tf2N] [25] was carried out according to established
literature procedures. The notation for [EMIM] is created from
E for ethyl, M for methyl and IM for imidazolium. [HMIM]
is similar though the H is for hexyl. [BMIH] is unique in that
B is for bis, M is for methyl, I is for imidazolium and H is for
hexyl. The shape of this ion contains two methylimidazolium
molecules connected by a hexyl.

OLC electrodes were made with the aid of 5 wt% poly-
tetrafluoroethylene (PTFE) binder (60 wt% solution in water,
Aldrich, USA). The OLC/PTFE composite was rolled to a
thickness of 140 pm (weight of 7.0 mg) using a Durston roll-
ing mill (UK) and electrodes were punched into 12 mm diam-
eter discs. An electrically insulating and ionically conducting
PTFE separator (Gore, USA) was used to prevent the short cir-
cuit of electrodes. Carbon-coated aluminum (Exopack, USA)
was used to optimize the interface between the current col-
lector and the carbon electrodes. The components, including
the two identical electrodes, two carbon-coated discs and one
piece of separator, were placed into a stainless steel Swagelok®
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cell (USA) with ~1 ml of IL. The assembled cell was placed
into a custom-made environmental chamber consisting of a
Styrofoam box, an electric heating tape (HTS/Amptek, USA)
and a temperature control box (iSeries, Omega, USA). Prior to
the electrochemical measurements, the temperature was kept
constant for a minimum of 1 h. Assembly and testing was per-
formed in a dry argon-filled glove box.

Electrochemical measurements were performed using a
VMP3 potentiostat (BioLogic, USA). Cyclic voltammetry
(CV) was characterized by a two-electrode system symmetric
cell in a 3V electrochemical window for [EMIM][Tf2N] and
[HMIM][Tf2N] and a 2 V electrochemical window for [BMIH]
[Tf2N]. The smaller voltage window is a result of initial studies,
which found peaks at voltages above 2 V and 20 °C, indicating
aredox process. For each IL, a single device was assembled and
tested with the temperature increasing from 20 °C to 80 °C with
20 °C steps, and with a 1 h resting period at each temperature to
allow the system to come to equilibrium before measuring the
performance. The experiments were performed starting with
EIS, followed by CV at different scan rates, and concluded with
an additional EIS scan to evaluate any changes in the system
that might have occurred during cycling at high voltages. EIS
was performed at open circuit voltage (OCV) using a 10 mV
amplitude at frequencies from 200 kHz to 10 mHz.

Referring specifically to EDLCs, EIS is a characterization
technique that slightly perturbs the system by a sinusoidal
voltage (typically ~10 mV s7!) around its OCV and meas-
ures its current response within a range of frequencies, usu-
ally between 200 kHz and 10 mHz. At high frequencies, the
system behaves as a resistor, with the current response being
completely in phase with the voltage because ions are not able
to move through the EDL at such high rates. The electronic
resistance resulting from the carbon electrode or wires can
be calculated from the x-intercept at high frequencies. At the
lowest frequencies, the current should be —-90° out of phase
with the voltage, indicating that the ions have time to come
to a steady state in the EDL and a purely capacitive system.
In the mid-frequency range (~1-100 Hz), resistance associ-
ated with the ions in the electrolyte is seen as a ~45° line in
a Nyquist plot. This transition point at which the slope of the
Nyquist plot changes from 45° to 90° can be used to calculate
the diffusion coefficient [26, 27], as shown in equation (2):

D= wR? @)

where D is the diffusion coefficient (m?s™'), w is the “knee
frequency’ at which the system transitions to a more capaci-
tive behavior, and R is characteristic of the distance ions must
travel (m), which differs between systems. In our investiga-
tions, R was the electrode thickness.

QENS is a special case of inelastic neutron scattering,
which, in general, measures scattering intensity as a function
of energy and momentum transfer from incident neutrons to
the sample [28]. Unlike elastic scattering measured in neutron
diffraction and small-angle neutron scattering experiments, or
inelastic scattering originating from inter- or intra-molecular
vibrations, quasielastic scattering is observed only when there
are diffusion- or relaxation-type motions in the system stud-
ied. It manifests itself in the broadening of the elastic line

with respect to the resolution profile. A diffusion process is
observable if the associated QENS broadening (proportional
to the diffusion coefficients) exceeds the width of the resolu-
tion function. The energy resolution of neutron backscattering
spectrometers, which are dedicated to QENS measurements,
is typically on the micro-eV scale, which allows measure-
ments of diffusion dynamics on a time scale of up to a few
nanoseconds. The shortest measurable time is limited by
the accessible dynamic range of the spectrometer; too fast a
dynamic process will yield a signal too broad to be measured.
Typically, QENS experiments probe dynamics on a pico- to
nano-second time scale. For many liquids, including ILs, the
diffusion dynamics at near-ambient temperatures and in the
moderately supercooled state falls in this range.

QENS experiments were done using the backscattering
spectrometer at Oak Ridge National Laboratory, BASIS,
which has a Q-averaged energy resolution of 3.5 ueV (full-
width at half-maximum) [29]. The spectrometer was oper-
ated in the standard 60 Hz mode, and the dynamic range of
+100 ueV was chosen for the data analysis. The samples were
placed in aluminum sample holders; their thickness was care-
fully controlled in order to minimize the effects of multiple
neutron scattering in the samples.

The data were collected at the baseline temperature of 4 K
and six different temperature points (260, 280, 300, 320, 340
and 360 K) above the melting temperature of the ILs. The data
set collected at 4 K was used as the resolution function. The
cation of ILs bears a number of hydrogen atoms whereas the
anion has no hydrogen atoms. Since hydrogen is a very strong
incoherent neutron scattering element, our QENS experiment
predominantly probes the self-diffusion of the cations in these
ILs. The dynamic structure factor, S(Q, w), was deduced by
normalizing the raw data to the vanadium standard, correcting
for container scattering and interpolating to constant values of
the momentum transfer, Q. Since the QENS signal originates
mainly from the incoherent scattering by the hydrogen atoms,
Fourier transformation of S(Q, @) with subsequent normaliza-
tion to unity at # = 0 yields the self-correlation function, ®(Q, ).

The mean relaxation times of the a-process were obtained by
fitting the ®(Q, 1) with the Kohlrausch—Williams—Watts (KWW)
stretched exponential function [30] shown in equation (3):

B
PO.1) = fqexp[;—;] : 3)

where 7p is the characteristic relaxation time and f; is the
Debye—Waller factor. The mean relaxation times were
obtained by (7) = (7o/p)I'(1/f), where I' is the gamma
function. The self-diffusion coefficients were obtained from
the Q? dependence of relaxation times, which show a DQ?
behavior in the Q range of 0.3-1.1 A~! [31], by equation (4):

.
D =lim—s 4
0-0(0Q° )
where Q is the momentum transfer, (z) is the mean relaxation
time and D is the diffusion coefficient.

MD simulation is one of the most powerful tools to
investigate the complex structure, dynamic processes and
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thermodynamic properties for many-body systems, and gener-
ates information at microscopic levels, including atomic posi-
tions and velocities. MD simulation is a suitable technique
to explore the microscopic solid-liquid interfacial phenomena
as well. It has been widely implemented in investigating the
electrode—electrolyte interfaces, especially for carbon elec-
trode—IL electrolyte interactions in EDLCs [32]. We have
successfully predicted the electric double-layer structures
of OLC/IL-based EDLCs in previous work [33-35]. The
dynamic properties of IL electrolytes on carbon/silica surfaces
have also been extensively studied, and the results from MD
simulations exhibit good agreement with nuclear magnetic
resonance measurements [36]. Thus, in this study, MD simu-
lations were performed to characterize the interfacial dynam-
ics of IL electrolytes on OLC electrode surfaces. The force
field parameters for [BMIH] and [HMIM] were adapted from
the all-atom force field developed by Yeganegi et al [37]. The
force field of [Tf2N] was taken from the study of Canongia
Lopes et al [38]. The deviation of the calculated density is
within 5% compared to the experimental measurement [39].
All simulations in this work were performed using the MD
package GROMACS [40]. The time step of 1 fs was used to
integrate the equation of motion with the spherical cutoff of
1.1 nm in non-bonded van der Waals interactions. Long-range
electrostatic interactions were treated by the particle mesh
Ewald method [41]. All the C-H bonds were constrained
during simulations and periodic boundary conditions were

applied in three dimensions. OLC with a radius of 1.22 nm
was completely frozen in the center of a box filled with IL
throughout the simulations. The system was equilibrated using
isothermal—isobaric ensemble at the target temperatures (300,
315,330, 345 and 360 K) and 1 bar. After sufficient equilibra-
tion for 8 ns, 4 ns production runs were obtained to calculate
the diffusion coefficient of cations. For the diffusion of ILs on
OLC, the trajectory of ILs in the first layer close to the OLC
surface at a thickness of 1.0 nm was used.

The diffusion coefficient was calculated according to the
Einstein relation [42], as shown in equation (5):

D= tlimé([n(t) - r(OP), ®)

After linear fitting of the mean square displacement, the
diffusion coefficient was obtained from the fitted slope divided
by six. Note that in simulations, the diffusion coefficient of
cations was calculated to represent the diffusion property of
ILs and compared with experimental results.

3. Results

The electrochemical performance for [EMIM][Tf2N] in
figure 1 shows cyclic voltammograms (CVs) normalized to
their respective scan rates to present specific capacitance versus
voltage. The results at 5 mV s~ (figure 1(a)) show similar per-
formance for 20, 40 and 60 °C, with their shapes being highly
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rectangular. At a higher temperature of 80 °C, an increase in
capacitance (current) at higher voltages in the cathodic region
indicates a decomposition of the IL. As a result of the reaction
in the cathodic region, there is a delay in the current response
in the anodic portion of the CV at 80 °C. At higher scan rates
(figures 1(b) and (c)) and at 80 °C, the cathodic reaction at
higher voltages is minimized because the voltage sweep is faster
than the reaction kinetics. Because the reaction time constant is
large, the kinetic-limited process cannot occur within the lim-
ited time at higher charge—discharge rates. The shape of the
CV at the highest scan rate, 500 mV s (figure 1(c)), remains
highly rectangular at all temperatures for [EMIM][Tf2N].

The performance of [HMIM][Tf2N] at low scan rates
(figure 2(a)) resembles [EMIM][T{2N] (figure 1(a)). At tem-
peratures of 20, 40 and 60 °C, [HMIM][T{2N] has a highly
capacitive, rectangular CV shape, while 80 °C shows a similar
spike in the cathodic region and a delay in the anodic region due
to chemical reactions above 2 V. At 100 mV s, the cathodic
current at high voltage scales with temperature. The CV curve
at 80 °C is more resistive (lower slope) as the current changes
polarization in the discharge curve. At the highest charge—dis-
charge rate of 500 mV s (figure 2(c)), [HMIM][T{2N] has a
more resistive CV curve at 20 °C compared to the CV curve of
[EMIM][Tf2N] at 20 °C (figure 1(c)). The larger cation with
the longer alkyl chain, [HMIM][Tf2N], experiences a larger
ionic resistance which leads to a poorer performance at faster

charge—discharge rates. Increasing the temperature to 40 and
60 °C reduces the ionic resistance, causing the shape of the
CV at 500 mV s~! (figure 2(c)) to be more capacitive than at
room temperature.

Of the three cations we investigated, [BMIH] is the largest
in size due to its dicationic structure. Additionally, it exhibits
the most resistive CV curves out of the three ILs (figure 3). The
results reported are for a potential window of 2 V since the elec-
trolyte decomposition starts beyond this value at 20 °C [43].
[BMIH] is the only cation to consistently exhibit this decompo-
sition between 2 and 3V, especially at 80 °C. With the reduced
potential window, the CV curves for all temperatures at5 mV s
are highly capacitive (figure 3(a)). The effect of the large cation
becomes evident when the scan rate is increased to 100 mV s~
(figure 3(b)). At this rate, the CV curve at 20 °C is highly resis-
tive, with almost no capacitance. This behavior is substantially
worse than that for [EMIM][Tf2N] (figure 1(»)) and [HMIM]
[Tf2N] (figure 2(b)) under the same conditions. Elevating the
temperature to 40, 60 and 80 °C reduces the ionic resistance,
returning the curve to the desired rectangular shape and increas-
ing the capacity. At the highest scan rate, 500 mV s™!, the CV
curve at 20 °C is almost completely resistive (figure 3(c)). Even
at higher temperatures, the curves are highly resistive, indicat-
ing the cation’s limit for a charge—discharge rate.

In figure 4, the capacitive performance as a function of
temperature evaluated by CV is summarized at different scan
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rates. Values for capacitance were calculated from the integral
of the discharge curve in equation (6):

/IdV ©

c=2 s
vVm

where C is the specific capacitance of one electrode normal-
ized by mass (F g™!), I is the current of the integrated dis-
charge curve (A), v is the charge-discharge rate of the scan
(V s, Vis the potential window for each cycle (V), m is the
mass of one electrode (g) and the factor of 2 is used for the
two capacitors in the series [44].

Comparison of figures 4(a)—(c) reveals a trend in capaci-
tance among the three ILs. As the cation increases in size from
EMIM to BMIH, the capacitance is generally lower for all cor-
responding temperatures and scan rates. This can be attributed
to the higher ionic resistance that is characteristic of the larger,
more viscous and less conductive cations [45-47]. It is also
the reason for the resistive CV curves observed for [BMIH]
[Tf2N] in figure 3. Another interesting feature revealed in
figures 4(a) and (b) is the sharp decline in capacitance at
5mV s~! and 80 °C. Since the capacitance is calculated from

the integral of the CV discharge curve, this decrease can be
attributed to the delay in current response discussed earlier for
[EMIM][Tf2N] and [HMIM][Tf2N] (figures 1(a) and 2(a)).
The change in the shape of the discharge curve reduces the
area, thereby reducing the capacitance. In general, the behav-
ior of the ILs at high scan rates is limited at 80 °C, shown by
the last point on the curves in figure 4. It has been reported
for similar ILs that as the temperature is increased, the size
of the stable potential window decreases [43]. For example,
the cathodic limit for [EMIM][Tf2N] is 1.55V at 60 °C, and
since the OCV potential of the cells is very close to zero, the
cathodic potential for all experiments is about 1.5 V. Since
this window decreases with increasing temperature, when the
cell is tested at 80 °C, the stable window is even smaller and
therefore less than the tested 1.5 V. Since the IL is not sta-
ble at this potential window, it will experience decomposition
(discussed later) at voltages past the limit. In this case, we
observe the capacitive effects of decomposition at 80 °C in
the form of a drastic increase in the system’s capacitance [43].
Due to the reduced potential window for the [BMIH][Tf2N]
tests, this reaction does not occur, which is consistent with the
curve at 5 mV s~ in figure 4(c). Unlike [EMIM] and [HMIM],
[BMIH] does not exhibit a sharp decrease in capacitance at
80 °C because for all temperatures, the cathodic potential was
reduced to 1 V, which is less than the limit at all temperatures.

As stated before, with a net potential window of 3V, the
stability window of each electrode is variable, especially at
higher temperatures [43]. Surpassing the stability window
of an ion can lead to decomposition of that ion on its cor-
responding electrode. It has been shown that when [Tf2N]
experiences a potential higher than its stability limit, reac-
tion products form on the electrode surface, resulting in the
formation of a solid electrolyte interphase (SEI) layer on the
cathode [48]. While this predominantly occurs in lithium ion
batteries, the behavior of the ion is similar, forming an SEI
layer on the carbon electrode [48]. The exact reaction prod-
ucts are unknown for this system and although it is beyond the
scope of this study, SEI formation in carbon supercapacitors
warrants further investigation.

In addition to CV, impedance spectroscopy can also con-
firm these trends observed in the three ILs at varying tem-
peratures (figure 5). Figures 5(a) and (b) show the Nyquist
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plots for [EMIM][Tf2N] and [HMIM][Tf2N] at different
temperatures. Since the ionic resistance is higher for ILs at
room temperature, we can see that the value of the ‘knee
frequency’ in the mid-frequency range is lowest at low tem-
peratures (table 1). Features of the EIS plots, specifically
the appearance of a semicircle at high frequencies [49] in
figures 5(a) and (b), indicate the formation of an SEI layer,
which is further evidence for the electrolyte decomposition
revealed in figure 1(a). The comparison of EIS Nyquist plots
before and after all the cycling tests for [HMIM][Tf2N] in
a 3V window yields further proof of SEI layer formation
(figure 6). As temperature increases, the value of the knee
frequency decreases and the x-intercept also moves closer
to 0, which indicates a decrease in the electronic resistance
of the system. However, the test at 80 °C appears to have the
highest electronic resistance, which verifies the SEI forma-
tion that occurs at high temperatures. Since the tests were
performed in order of increasing temperature, this indicates
that cycling at 60 °C began the process of decomposition,
affecting the following EIS test and the entire group of
80 °C tests. The high temperatures cause the anion [Tf2N] to
deposit reaction products, forming an SEI layer on the car-
bon electrode. This additional electronically insulating layer
on the cathode increases the electronic resistance of the sys-
tem [50], corresponding to the x-intercept of the EIS curve.
In addition to the total electronic resistance, an interfacial
resistance is added between the components of the device
due to the deposited film on the carbon electrode. This is
represented by the appearance of a semicircle that accom-
panies the change in x-intercept of the Nyquist plots. The
noticeable changes in the EIS plots at higher temperatures
all suggest the formation of an SEI layer due to the anion
reaction at potentials greater than the high temperature sta-
bility window. Finally, for [BMIH][Tf2N] (figure 5(c)), the
Nyquist plot for 80 °C does not indicate similar changes in
the electrolyte chemistry because the reduced voltage win-
dow removed any possible decomposition of the electrolyte.
As a result, the electronic and interfacial resistance is not
negatively affected at this high temperature as with [EMIM]
[Tf2N] and [HMIM][T{2N].

Diffusion coefficients (D) for the three ILs were calcu-
lated by three different experimental techniques and are
shown in Arrhenius plots (figure 7). EIS data were analyzed
according to equation (2). From this relationship, which
effectively normalizes the knee frequency by the electrode
thickness, D is characteristic of the motion of ions through-
out the bulk electrode (figure 7(a)). For all three techniques,
the trend is followed with the diffusion coefficient decreas-
ing with increasing cation size, with [EMIM][T{f2N] main-
taining the fastest D and [BMIH][Tf2N] having the slowest.
Additionally, for all three ILs, the diffusion coefficient
increases with increasing temperature. By increasing the
temperature of the system, the resistance of the IL electro-
lyte is decreased [6], which in turn increases the value of the
knee frequency in impedance spectroscopy (figure 6). Since
the thickness of the electrodes remains constant, the increas-
ing knee frequency causes the increase in D, consistent with
the values shown in table 1.

Table 1. Values for the ‘knee frequency’ (Hz) at each temperature
for each IL.

Frequency (Hz)

Temperature (°C)  [EMIM] [HMIM] [BMIH]
20 1.612 0.499 0.071
40 2.382 1.089 0.228
60 5.208 2.382 0.738
80 7.705 3.519 1.612

The relatively small slope of the lines in figure 7(a) indi-
cates that temperature has a less significant effect on the
diffusion coefficient. Since the system includes an applied
potential and therefore a charged OLC surface, the veloc-
ity of the ions through the film electrode is increased, evi-
dent in the higher diffusion coefficients in the range of
10°-10° m? s7!. For QENS, the diffusion coefficient of the
bulk IL without a charged electrode surface was measured.
The inability of the charged surface to initiate movement of
the ions leads to values that are smaller by three orders of mag-
nitude (figure 7(b)) compared to the EIS results. The smaller
D values on the order of 107'-107!° m? 57! are consistent with
those reported from previous studies involving uncharged sys-
tems and calculated self-diffusion coefficients [S1]. However,
the diffusion coefficients calculated from MD simulations are
on the order of 107>-107"" m? 57! (figure 7(c)). This can be
explained by the difference between the bulk and interfacial
behavior of the ILs. The bulk ILs measured in QENS behave
differently to ILs at an OLC surface calculated from MD sim-
ulations. It is known that the ions located in the adsorbed layer
of carbon surfaces exhibit slower dynamics than bulk ILs due
to the denser ion packing at the interface caused by the attrac-
tive interaction energy between ILs and carbon surfaces.

Transitioning to QENS (figure 7(b)), this technique was used
to analyze the behavior of pure ILs without OLC. Fourier trans-
formation of S(Q, @) obtained from the raw data yields the self-
correlation function, ®(Q, f), shown in figure 8. This function was
fit using equation (3) to calculate the mean relaxation time. Using
these values and equation (4), diffusion coefficients were calcu-
lated and can be compared to the other techniques (figure 7). The
diffusion coefficient calculated is that of the bulk IL without a
charged surface to initiate movement of the ions. This can explain
why the values for D are smaller by three orders of magnitude,
since the neutrally charged system does not increase the speed of
the ions. These smaller values on the order of 107!! are consistent
with those reported from previous studies involving uncharged
systems and calculated self-diffusion coefficients [51].

In contrast to the diffusion measured in EIS, the slower
diffusion coefficients from MD are smaller by a few orders
of magnitude, which can also be attributed to the uncharged
nature of the system and the simplified electrode model
used in the simulation. In addition, the diffusion coefficients
obtained from the QENS and MD simulation are signifi-
cantly lower in contrast with those from the EIS tests, indi-
cating the effect of adding an electric field to the system.
Although the techniques differ slightly in the type of dif-
fusion they are measuring, the trends are clear for all tem-
peratures, showing that D for EMIM > HMIM > BMIH.
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Figure 7. The diffusion coefficients for all three ILs calculated using (a) electrochemical impedance spectroscopy of ILs on OLC
electrodes, (b) QENS for bulk ILs and (¢) MD simulation for ILs at the surface of OLC. The diffusion coefficient is plotted as a function

of temperature.
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Figure 8. The self-correlation function of EMIM cations in
EMIM-T2N IL at a Q value of 0.9 A~'. The solid lines are fit with
KWW function with a § value of 0.5.

This study validates the use of EIS for measuring the dif-
fusion coefficient of IL electrolytes under an electric field.
Depending on the instruments, techniques and experimental
conditions (bulk or interface), different values of diffusion
coefficients may be obtained as shown by the three plots in
figure 7. However, the consistency of the trends from EIS,
QENS and MD observed in this study is expected for other
ILs, including possible multivalent ones.

4. Conclusion

The electrochemical performance and stability of three ILs
with varying cations and an identical anion ([EMIM][Tf2N],
[HMIM][Tf2N] and [BMIH][Tf2N]) were investigated as a
function of temperature, using OLC as the electrode mate-
rial. It was found that the capacitance decreases and the ionic
resistance increases as cation size increases, meaning EMIM
had the highest capacitance and lowest ionic resistance, while
BMIH had the lowest capacitance and the highest ionic resis-
tance. All three ILs showed better performance as the tem-
perature was increased up to 60 °C. Decomposition of the

[Tf2N] anion due to voltage stability window limitations at
temperatures at or above 80 °C resulted in the formation of
an SEI layer on the carbon surface. This causes a decrease in
capacitance and an increase in interfacial and electronic resis-
tance for the system, which is confirmed by multiple electro-
chemical techniques. Diffusion coefficients obtained from
EIS, QENS and MD simulations as a function of temperature
support the electrochemical measurements showing the IL
with the smaller cation having faster diffusion than the larger
cation. The difference in charge between BMIH and the other
two cations did not seem to have an effect on performance.
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