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In this paper we report the effects of five
imidazolium cations with varying alkyl chain lengths to study the
effects of cation size on capacitance versus voltage behavior. The
cations include ethyl-, butyl-, hexyl-, octyl-, and decyl-3-
methylimidazolium, all paired with a triflate anion. We analyze
the capacitance with respect to the cation alkyl chain length
qualitatively and quantitatively by analyzing changes in the
capacitance—potential curvature shape and magnitude across
several standard scanning protocols and electrochemical techni-
ques. Further, three transport properties (viscosity, diffusion
coefficient, and electrical conductivity) are experimentally
determined and integrated into the outcomes. Ultimately, we
find higher viscosities, lower diffusion coefficients, and lower
electrical conductivities when the alkyl chain length is increased. Also, capacitance values increase with cation size, except 1-octyl-3-
methylimidazolium, which does not follow an otherwise linear trend. This capacitive increase is most pronounced when sweeping
the potential in the cathodic direction. These findings challenge the conventional hypothesis that increasing the length of the alkyl
chain of imidazolium cations diminishes the capacitance and ionic liquid performance in charge storage.
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decreases with increasing temperatures, resulting in a
L . . . 9,10
significant device cycle life degradation.

Ionic liquids (ILs) are promising replacements for tradi-
tional electrolytes due to their ability to operate at wide voltage
windows (approaching 6 V), which would increase the energy
density of these devices via eq 1''™"

Environmentally sustainable energy resources such as wind,
solar, and hydropower are projected to double production
within the next five decades.' To effectively use this renewable
resource, new modular and grid-scale storage technologies are
needed."” Electrochemical double-layer capacitors (EDLCs)
store energy in the form of an electrical charge at the
electrode—solution interface in response to a perturbation of
the electrochemical potential.’ They have attracted significant
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attention as promising electrochemical energy storage systems
due to their high power densities (~10 kW/kg, 1 order of
magnitude greater than that of lithium ion batteries)”** and
very long life cycles (>100000 charge—discharge cycles).”’
Currently, EDLCs are used to power backup memory in
computers, hybrid electric vehicles, and other energy storage
systems not connected to conventional power grids.

The processes of energy storage and release in EDLCs are
linked to the structure of an electrochemical double layer
(EDL) that develops when the system is charged. The EDL
and its formation/disruption kinetics dominate supercapaci-
tors’ energy and power density characteristics.” Most EDLCs
in the market use agrotic solvents such as acetonitrile and
propylene carbonate.”” However, solvent flammability poses
safety issues, and the electrochemical stability of EDLCs

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

where E = energy, C = capacitance, and V = voltage; thus,
increases in the applied voltage have an exponential impact on
the theoretical energy density. While ILs can be toxic'* and are
currently more expensive than traditional solvents (e.g., water),
they are nonvolatile and nonflammable allowin7g their safe
usage at temperatures well over 150 °C."”°~"7 ILs’ ionic
properties and electrochemical behaviors can be thoughtfully
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tuned through a prudent selection of cation—anion pairings,
and their performance for energy storage can be optimized."®
While there are numerous ways of combining ILs, existing
investigations are focused on a few IL classes, with single
anion—cation pairs (as opposed to ternary mixtures).19 For
example, 1-alkyl-3-methylimidazolium cation-based ILs have
received considerable attention as promising electrolytes in
EDLCs due to a relatively low viscosity (52 mPa-s at 20 °C),
greater conductivity (i.e, 0.5—13 mS/cm), and lower hydro-
scopicity.”’ Likewise, in recent years, trifluoromethanesulfo-
nate [TFO]™ anion-based ILs have drawn significant attention
in the IL community, as the [TFO]™ anion is hydrolytically
stable, which makes it preferable over hydrolytically unstable
[PF4]™ or [BF,]” anions.”!

Several previous studies have reported on the imidazolium
cation-based ILs” alkyl chain length dependence on capaci-
tance.'”**”*” Lockett and co-workers report the effect of the
cation chain length of imidazolium chloride-based ILs on a
glassy carbon electrode. They concluded that longer alkyl
chains result in a lower measured capacitance, likely as a result
of the lower permittivity.”> A similar trend has been observed
for imidazolium tetrafluoroborate-based ILs on a gold
electrode.”® Liu et al** and Jung et al.”® also observed a
lower capacitance for ILs with longer alkyl chain lengths.
However, Roling and co-workers observed an increased
capacitance for longer alkyl chain lengths of imidazolium
cations on a Au(111) electrode surface and suggest that, apart
from the cation size, other factors such as cation flexibility and
polarizability play important roles for capacitance.”” Also,
recent studies performed by Aken et al.”’ and Wu and co-
workers'? demonstrated that the capacitance can be increased
by increasing the cation chain length from ethyl (n = 2) to
hexyl (n = 6). These contradictory prior results based on the
cation chain length effect on capacitance highlight the
necessity of providing further solid experimental basis of the
same, particularly across a broad series of ILs and with multiple
data acquisition methods, as we report here.

In the EDLC design, both interfacial and bulk properties
must be considered in order to provide a complete
understanding of (1) ion movements in bulk electrolyte and
(2) the reorganization processes occurring at the interface.*
Hence, we explore changes in three transport properties of
these pure imidazolium ILs as a function of cation chain
length: viscosity, electrical conductivity, and diffusion. All these
properties describe the motion of ions at the molecular level
and are related through Nernst—Einstein (conductivity and
diffusion) and Stokes—Einstein (SE) (diffusion and viscosity)
equations.31

In ILs, mass transport is well-studied, through viscosity
measurements. Viscosity describes the hydrodynamics of the
system, such as resistance to flow. However, there are purity-
related discrepancies among existing data reported for
individual ILs.””™** Therefore, we analyze the purity of the
IL samples using '"H NMR experiments to identify possible
impurities. Furthermore, while diffusion in ILs leads to
conductivity and viscosity, the mode of diffusion is less well
understood. Particularly, self-diffusion (free ion) and mutual
diffusion (ion pairs) of ILs may both be possible and would
have a significant impact on the physical properties of the IL
system.” Hence, also we employ pulsed-field-gradient spin—
echo (PFGSE) (also known as diffusion-ordered spectroscopy
(DOSY)) NMR to determine the self-diffusion coefficients of
the ILs examined here.”**” Conductivity is a critical factor in
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characterizing IL electrochemical systems, and it is directly
related to the number and mobility of available charge
carriers.” Previous studies have determined the conductivity
of imidazolium-based ILs; the electrical conductivity of pure
ILs is generally at least 1 order of magnitude lower than that of
aqueous solvent systems and aqueous solvent-IL mixtures.*>*’
Some ILs exhibit much lower conductivity than others, even
with comparable viscosities.** The low conductivity values of
ILs have been attributed to a limited number of available
charge carriers due to ion pairing and/or ion aggregation and
to the reduced ion mobility due to larger ion sizes."" The ionic
character of particular ion dense ILs has strongly influenced
the development of electrochemical devices such as
EDLCs, ™" fuel cells,* and batteries.** #8354

In this work, we explore a series of n-alkyl-3-methylimida-
zolium trifluoromethanesulfonate [n-mim][TFO]-based ILs
(Figure 1) as a systematic series of ionic liquids for capacitive

Figure 1. Structure of the ions constituting the ILs used in this study,
namely, C,-3-methylimidazolium trifluoromethanesulfonate/triflate,
where n = 1, 3, S, 7, and 9 corresponding to [Emim]*, [Bmim]*,
[Hmim]*, [Omim]*, and [Dmim]* cations.

energy storage. Thereby, we investigate the impact of
molecular structure on the capacitance at the electrode-IL
interface for ILs containing different imidazolium cations with
varying tail lengths based on capacitance—potential relation-
ships. Our examination includes single-frequency impedance
and linear alternating current (AC) voltammetry to acquire
impedance data to examine the profile of electrochemical
capacitance as it is influenced by the cation chain length. The
central motivation of this study is to clarify the influence of the
alkyl chain length of imidazolium cations on the EDL
capacitance. Moreover, we measure the conductivity and
viscosity of these IL samples. Then the relationship between
these transport properties is presented in a Walden plot to
qualitatively characterize the ionic association in ILs in
comparison to a KCI solution that is fully dissociated.”
Diffusion coefficients obtained from DOSY NMR measure-
ments are then compared to the conductivity and viscosity
measurements and qualitative results obtained with the
Walden plot approach.

1-Ethyl-3-methylimidazolium trifluoromethanesulfonate [Emim]-
[TFO], 1-butyl-3-methylimidazolium trifluoromethanesulfonate
[Bmim][TFO], 1-hexyl-3-methylimidazolium trifluoromethanesulfo-
nate [Hmim][TFO], 1-methyl-3-octylimidazolium trifluoromethane-
sulfonate [Omim][TFO], and 1-decyl-3-methylimidazolium trifluor-
omethanesulfonate [Dmim][TFO] >99% were acquired from Iolitec
Ionic Liquids Technologies, GmbH. The ILs are placed under
vacuum at 60 °C for several days (e.g,, 4 d) for further drying. The
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residual water content in each IL is determined in triplicate using an
831 coulometric Karl Fischer (KF) titrator with a 300 uL IL volume.
The water content of each IL is given in the Supporting Information
under SI 1.

The purity of the ionic liquids was analyzed by performing solution
"H NMR experiments. The samples are prepared by dissolving ~60
uL of IL in 540 uL of a deuterated solvent (i.e., acetonitrile-d;
(Cambridge Isotopic Laboratories, 99.8% purity)) via a sonication for
15 min. The samples are sonicated again for ~30 min just before the
NMR measurements. The solution-phase '"H NMR experiments are
performed using an Avance Bruker NMR spectrometer operated at
500 MHz, and this NMR instrument uses a S mm PABBO BB-1H/D
Z-GRD probe. All the "H chemical shifts are referenced to the broad
singlet peak of the residual solvent proton (HDO) centered at 1.94
ppm, and the chemical shifts are reported in parts per million
downfield from tetramethylsilane (TMS), unless mentioned other-
wise. Topspin software ver. 2.1 is used in the data analysis.

The three-electrode system with a 2 mL (total volume) conical
glass vial including a custom-built airtight polytetrafluoroethylene
(PTFE) cap serves as the electrochemical cell. The electrochemical
cell is cleaned with Nochromix acid (ammonium persulfate in 98%
H,S0,) (>6 h), rinsed with copious amounts of ultrapure water
(Milli-Q_system, 18.2 MQ cm), soaked in 3 M nitric acid (>6 h),
rinsed with copious amounts of deionized (DI) water, rinsed again
with boiling ultrapure water, and finally dried in an ambient-pressure
oven at 120 °C before being introduced into a nitrogen glovebox
(Vacuum Atmospheres company, Genesis model). The H,0 and O,
contents in the glovebox are maintained at less than 2 ppm and less
than 1 ppm, respectively. All the experiments are conducted inside the
inert environment of the glovebox at an average temperature of 20 +
2 °C unless mentioned otherwise.

A polycrystalline gold working electrode (2 mm diameter disk) has
an electrochemically active surface area of 0.033 + 0.010 cm?
calculated by collecting scan-rate-dependent (i.e., 100, 75, 50, 25 mV
s7') cyclic voltammetry data of potassium ferricyanide (K;[FeCN])
in 0.1 M aqueous KCl. The value obtained for the electroactive
surface area is close to the geometric surface area of the electrode
(0.031 cm?). The calculation of the electroactive surface area of the
gold working electrode is shown in SI 2.

The capacitance values are normalized with respect to the effective
surface area of the gold working electrode, and all the capacitance
measurements are performed in triplicate (n = 3). The data are shown
as an average capacitance density value with standard deviations.

The working electrode is polished with an aqueous slurry of 1.0 and
0.3 pm MicroPolish II alumina oxide powder (Buehler) on microcloth
PSA pads (Buehler), respectively. Between the polishing steps, the
surface is sonicated for S min in ultrapure water and rinsed with
copious amounts of ultrapure water. Immediately after it is polished,
the electrode is immersed in a clean beaker of ultrapure water, sealed
with parafilm, and stored until use. Immediately before use the surface
is removed from the ultrapure water and dried with high-purity
nitrogen (N,) gas (Praxair high purity 99.998%).

Platinum wires (99.999% metals basis, Alfa Aesar) serve as both
counter and reference electrodes. These are cleaned in a hydrogen
(H,) flame (Praxair UHP H,99.999%) prior to being placed into the
electrochemical cell. The platinum wire quasi-reference electrode is
calibrated with respect to the ferrocene/ferrocenium (Fc/Fc*) redox
couple at the end of data collection by the addition of a trace amount
of ferrocene (Fc, Sigma-Aldrich, >98%) to the IL. The average
potential of the Fc/Fc* reversible couple derived from direct-current
(DC) cyclic voltammetry is scaled to 0.000 V by subtracting the
average potential value of the oxidation and reduction peaks of
ferrocene from each potential to refer to the potential axis with
respect to ferrocene.

A CH Instruments 660D potentiostat (CH Instruments) with
shielded potentiostat cables with a capacitance of ~30 pF per foot is
used to perform all the electrochemical measurements. CH Instru-
ments 660D software is used for the data analysis, and from the
software, cyclic voltammetry, impedance-potential, and AC Voltam-
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metry techniques are selected to run the cyclic voltammetry, single-
frequency impedance, and AC voltammetry experiments, respectively.

The potential region in which these capacitance measurements are
performed is determined using DC cyclic voltammetry at a scan rate
of 100 mV s™". This helps us to obtain the electrochemical stability
window over which no faradaic processes are observed.

The capacitance values are obtained using the single-frequency
impedance-potential technique. This method idealizes the system as a
simple resistor-capacitor (RC) equivalent circuit model in which the
solution resistance (R,) is in series with a double-layer capacitance
(Cq)- The equivalent circuit is shown in SI 3. For such a system, the
double-layer capacitance (Cy) in Farads could be written using eq 2.

Single-frequency capacitance equation.

-1

Cy= —r
477" X 2nf

)
Here f is the applied AC frequency in hertz, and Z” is the imaginary
impedance in ohms.*' ¢
AC voltammetry is also a single-frequency impedance technique,
and its data are converted into double layer capacitance (Cy) via eq 3.
AC voltammetry capacitance equation.

(7]

T

! (3)
Here I' and I” are the in- and out-of-phase currents, respectively, @ =
2xf, and AE,, is the perturbation amplitude.®” This method also
treats the system as a simple RC electrochemical equivalent circuit,
which aids the comparison of data to a single-frequency impedance
technique.> Both of these single-frequency measurements are
performed using a frequency of 10 Hz with an AC voltage of 10
mV and data point collection every 10 mV to maintain the
pseudolinearity of the system.”® SI 4 shows an illustration of the
single-frequency data analysis.

Conductivity measurements are performed using the conductivity
bench meter SevenCompact $230-Std-Kit (Mettler-Toledo) with an
InLab 751 4 mm probe (Mettler-Toledo). Prior to conductivity
measurements, the conductivity electrode is immersed into the
conditioning solution of 0.5% cleaning reagent and 99.5% deionized
water (VWR International, Inc.) overnight (<72 h) to optimize its
performance. When ready for use, the electrode is removed from the
conditioning solution and is rinsed thoroughly with ultrapure water
followed by blot drying. The conductivity meter calibration is
performed manually by entering the cell constant value (i.e., 1.000
cm™") default for the InLab 751 4 mm probe. The electrode is cleaned
profusely with ultrapure water in between the conductivity measure-
ments. It is important that the probe is dried well before taking
conductivity measurements in IL samples. All the conductivity
measurements are performed at the two temperatures of 25 and 60
°C. When the conductivity is measured at 25 °C, the auto
temperature correction in the meter is enabled. The temperature
correction is switched off when the conductivity values are measured
at 60 °C.

Viscosity measurements are performed using the DV2T program-
mable (cone and plate) Brookfield viscometer (Brookfield engineer-
ing laboratories), and CPA-40Z is used as the spindle. The
temperature is controlled with a precision of 0.1 K using a TC-602
bath thermostat with a Brookfield temperature controller unit
attached. Before use, the viscometer is calibrated with a standard oil
having a viscosity value of 29.50 cP (mPa-s) at 25 °C. Viscosity
measurements of each IL are taken at 25 and 60 °C, unless mentioned
otherwise. The instrument is thermally equilibrated at the desired
temperature (ie., at 25 and 60 °C) for 2 min in between each
measurement.

All DOSY experiments are conducted on the Bruker Avance 111400
MHz spectrometer with automatic tuning and matching BBFO probe
equipped with a z-gradient coil. All the measurements are performed
at 25 and 60 °C unless mentioned otherwise, and samples are
thermally equilibrated at the stated temperature for 15 min before the
data collection. All the diffusion measurements are made using the
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Figure 2. Comparison of potential windows of [Emim] [TFO], [Bmim][TFO], [Hmim] [TFO], [Omim] [TFO], and [Dmim] [TFO] at a
polycrystalline gold working electrode. Cyclic voltammograms are obtained at a scan rate of 100 mV s™'. The potential axis is given with respect to

Fc/Ec*.

stimulated echo pulse sequence with bipolar gradient pulses.””*" The
diffusion delay (A) is varied from 20 to SO ms, and the gradient pulse
duration (8) is varied from 1.5 to S ms. Both A and & are optimized to
obtain 1-5% residual signal at 95% of the maximum gradient
strength. The recycle delay is set to S s. Rectangular shapes are used
for the gradients, and a linear ramp with 16 increments between 2 and
95% of the maximum gradient strength (g,,.x = 100%, 56.0 G/cm) at a
current of 10 A is used in all the measurements. The self-diffusion of
the residual HDO signal in a pure D,0 (99.98% D) sample is
measured at 25 °C to calibrate the gradient strength. The diffusion
coefficients are calculated by integrating the peaks of interest and by a
direct curve fitting to the Stejskal-Tanner equation given as eq 4.

I=1, exp[—yszﬁz(A - g)D] (4)

Here I is the observed intensity, and I, is the signal intensity in the
absence of the gradient. y is the proton magnetogyric ratio, and G is
the gradient strength. The T,/T, analysis in Topspin 3.6.1 is used to
perform the NMR data processing and curve fittings of all the peaks.

The aim of this study is to identify the effect of cation chain
length on capacitance—potential relationships in ILs. The five
ILs examined here share the same anion, triflate (trifluor-
omethanesulfonate), and the cation differs only in the alkyl
chain length, accessing a significant range of bulk viscosity/
conductivity values. The stable electrochemical potential
windows and double-layer electrochemical potential region
for this series of ionic liquids used in our work are given in SI
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1, as derived from cyclic voltammetry measurements shown in
Figure 2.

Selecting an appropriate electrochemical stability window over
which to perform capacitive measurements can significantly
impact any study of IL capacitance behavior. The stable
voltage window is sensitive to the type of IL, the working
electrode employed, and any impurities (e.g, halides and
water) that may be present. Consequently, water oxidation,
hydrogen evolution, and the formation of metal oxides at the
electrode surface may affect the potential window.”' Even
hydrophobic ILs absorb considerable amounts of water from
atmospheric water vapor, and an increase in the water content
narrows the electrochemical stability window of ILs at both
cathodic and anodic limits.®* Therefore, ILs must be dried
prior to e)(pel‘ime)nts.62_66’62’67 In spite of these precautions,
the definition of the electrochemical stability window is not
precise. A commonly used diagnostic is to define an arbitrary
current density at which the system is no longer “stable” and to
assign the potential window not to exceed this current
density.”® However, even small amounts of current that work
to degrade the liquid or electrode can result in impurities or
defects that impact the system performance. In our work the
stable potential window for each IL examined is shown on the
same axis as a wider cyclic voltammogram in Figure 2.

We defined the electrochemical stability window as the
rectangular area of the cyclic voltammogram in which the
redox currents are minimized. This “double-layer region”
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should represent the potential window in which the current
trace shows minimal or zero oxidation or reduction peaks (no
faradaic reactions). The [Omim][TFO] and [Dmim][TFO]
showed the largest potential windows spanning over 5.0 and
6.0 V, respectively. The [Hmim][TFO] and [Bmim][TFO]
gave potential windows of 4.0 V, and [Emim][TFO] showed a
potential window of 3.6 V. These values are similar to those
reported in prior literature.””’”***” The residual features
appearing in the CV of [Dmim][TFO] (Figure 2) at ca. —1.5
and —0.75 V and ~0.1 V in the CV of [Omim][TFO] with
reference to Fc/Fc' could possibly be due to the water
impurities present, which cannot be eliminated by drying the
ILs under a Schlenk line. We also acknowledge that small levels
of impurities could remain from an IL synthesis/metathesis.
The determined potential windows for each are compared to
other literature published data in SI 1. However, the water
content of the ionic liquids in literature sources was not
reported.

We note that our observed stable window does not create a
clear trend with the cation chain length. Yoshimoto and co-
workers have done a similar study to understand the
dependence of the potential window on the alkyl chain length
of the imidazolium cation, using five imidazolium ILs based on
the [TF,N]~ anion on an Au(111) electrode, and potential
windows were defined using a cutoff current density value of
80 A cm™2 They also found that stability, defined as the
electrochemical potential window of each IL, was independent
of the alkyl chain length in the imidazolium cation.”' However,
when [Dmim][TFO] and [Emim][TFO] are compared, it is
noticeable that the increasing cation chain length of the
imidazolium cation significantly increases the cathodic limit to
a more negative value (i.e., from —0.8 to —1.2 V) and reduces
the anodic limit (from +1.2 to +0.8 V), though there are
deviations in the trend for other ILs studied. This observation
agrees with the prior literature that the increased cation chain
length may have increased the solvophobic interactions,
resulting in greater amounts of cohesive energy within the
layers formed at the cathode-IL interface.”””* Therefore, on
the one hand, more negative potentials are required to reduce
the imidazolium cation. On the other hand, longer alkyl chains
should create relatively weaker Columbic interactions. Hence,
cations with longer neutral tails will experience weaker ion
pairing, which will lower the threshold positive potential to
oxidize the anion.”” Previous electronic structure calculation
studies of Margulis et al. on [TF,N]™ and [NO;]™ anion-based
ILs suggest that the cation is not always reduced first; instead,
the localization of the excess electron in ILs is determined by
the cation and anion’s highest occupied molecular orbital
(HOMO)/lowest unoccupied molecular orbital (LUMO) gaps
and, specifically, by their relative LUMO alignments.”* Hence,
further computational studies on imidazolium triflate ILs are
encouraged to aid the design of ILs with varied electronic
structures of cations and anions, which is controlled by their
chemical nature.

The measured viscosity data at 25 and 60 °C in comparison to
previously reported values for each IL are shown in SI 11. The
results of the present work are similar to those of previous
work.”>”® Figure 3A shows a viscosity variation with respect to
the cation chain length. The obtained viscosity values are the
average values from five independent measurements. When the
chain length of the imidazolium cation is increased, the
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Figure 3. (A) Viscosity data variation with respect to cation alkyl
chain length, recorded at 25 and 60 °C. (B) Conductivity data
variation with respect to cation chain length at 25 and 60 °C. Values
shown here for each chain length are the average value of five
independent measurements. Error bars are included, occasionally
contained within the data point.

viscosity increases as expected. Specifically at 25 °C, the
viscosity varies from 47 + 1 to 296 + 11 cP, following the
order [Emim][TFO] < [Bmim][TFO] < [Hmim][TFO] <
[Omim][TFO] < [Dmim][TFO], as previously reported for
the same cations paired with [CF,SO;]7,* [NTE,]~,”*”” and
[BE,]™.”® At 60 °C, the IL viscosity varies from 12 + 1 to 52 +
1 cP. The trend with the alkyl tail length is the same at the
elevated temperature. According to Figure 3A, the slope of the
line is steeper for 25 °C than for 60 °C, and the viscosity values
at 25 °C are at least four units of magnitude higher than the
observed viscosity values at 60 °C.

As the imidazolium alkyl tail is lengthened from C2 to C10,
we expect Columbic attractions to decrease while van der
Waals interactions increase. The interplay of these interactions
as well as hydrophobic interactions of the cation tails will
dictate the bulk viscosity.””** Consequently, viscosity increases
upon increasing the cation chain length.

Figure 3B shows the variation of conductivity with respect to
cation chain length. The conductivity values at 25 °C span the
range from 0.31 + 0.06 to 7.44 + 0.35 mS/cm and follow the
order of [Dmim][TFO] < [Omim][TFO] < [Hmim][TFO] <
[Bmim][TFO] < [Emim][TFO]. The estimated standard
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deviation values for ILs in between different trials differ in the
range of 0.01—0.35. Tabluated data for each IL are shown in SI
12 as average values of five independent measurements, and
they are similar to those of previously published works.”>”* As
the ionic conductivity is related to the viscosity, we see that the
cation chain length and conductivity are inversely related.
Furthermore, the decrease in conductivity upon increasing the
chain length can also be described in relation to increasing the
steric hindrance with the chain length.

When the temperature is increased to 60 °C, the
conductivity increases as viscosity decreases. [Emim][TFO]
has the highest conductivity at both temperatures. The
conductivity difference at two different temperatures (i.e., 25
and 60 °C) decreases when the cation chain length is
increased. For instance, the conductivity difference between 25
and 60 °C for [Emim][TFO] is 14 mS/cm, while that
difference is only 2 mS/cm for [Dmim][TFO]. The viscosity
difference increases when the cation chain length is increased
at the two temperatures, and it would be the most probable
reason for this observation. However, it is important to note
that viscosity is not the only factor that contributes to the
conductivity. Other factors such as ion size, charge
delocalization, IL density, aggregation, and correlated ionic
motion also play significant roles.”> Recent molecular dynamics
studies suggest that the viscosity is linked to a nanostructural
heterogeneity in which the viscosity is governed by the
interplay between intrinsically “stiff” charged networks and
“softer”, flexible, and mobile charge-depleted regions.*’ Hence,
it is more likely that the conductivity could be affected by the
factors manifested in the bulk viscosity as well as by the
molecular origins of viscosity in ionic liquids.

According to Figure 3A, [Omim][TFO] shows the highest
variation from the linear trend. On the basis of these data, it is
possible that the [Omim][TFO] creates a different nanostruc-
ture than the other ILs. However, more experimental evidence
could be gathered via computer simulation studies and
spectroscopy studies to test this phenomenon.

Diffusion-ordered NMR spectroscopy experiments are per-
formed to compute the diffusion coefficients of ILs studied. 'H
DOSY NMR experiments are performed to calculate the
diffusion coefficient of the imidazolium cation, and °F DOSY
NMR experiments are performed to calculate the diffusion
coefficient of the trifluoromethanesulfonate/triflate anion.
Diffusion coefficients provide measures of IL transport
properties and are helpful in a structural characterization.®”
The NMR computed diffusion coeflicients of each IL are
tabulated in SI 13. The experiments are performed at two
different temperatures (i.e, 25 and 60 °C) to study the effect
of temperature on the ability of ionic diffusion and potential
ion association/dissociation. As per the data shown in Figure 4,
the diffusion coefficient for the cation follows the order
[Dmim]* < [Omim]* < [Hmim]* < [Bmim]* < [Emim]*. The
effect of increased alkyl chain length on diffusion is the same as
that of the trends we observe for two other transport
properties, conductivity and viscosity, namely, that the larger
ions move more slowly. The cation diffusion coeflicient data of
[Emim][TFO] (ie., 43 X 1077 cm?/s) and [Bmim][TFO]
(ie, 1.8 X 1077 cm?/s) match well with its prior reported
diffusion coefficient data (4.1 X 10~ and 1.7 X 10~ ¢cm?/s for
[Emim]* and [Bmim]® cations, respectively).’>*> To our
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Figure 4. Diffusion coefficient data variation with respect to cation
chain length at 25 and 60 °C.

knowledge, the diffusion coefficients of other ILs are measured
for the first time in this work.

On the basis of our F DOSY NMR measurements, the
triflate anion diffuses more slowly than the [Emim]* cation
(ie., diffusion coefficients are 2.6 X 1077 cm?/s for the triflate
anion and 4.3 X 1077 cm?/s for the [Emim]* cation). Even
though [Emim]* is larger (ionic volume calculated to be ~116
A®) than the triflate anion (ionic volume calculated to be ~80
A®),** the boardlike shape of the imidazolium cation could
facilitate its faster diffusion relative to triflate.*> Hence, it is
important to note that size, shape, and intermolecular
interactions all affect the ion diffusion.

Ionic self-diffusion coefficients, which characterize micro-
scopic mass transport, are related to the system hydrodynamics
(macroscopically obtained viscosity) via the Stokes—Einstein
equation, in which the diffusivity is inversely proportional to
the fluidity or viscosity. However, the Stokes—Einstein
equation is derived from classical hydrodynamics (Stokes’
law) and assumes the diffusing species as a rigid sphere, diluted
in an ideal solvent. IL systems contain asymmetrical ions with
real ion—ion interactions, and the ions are at high
concentrations, which reduces the accuracy of classical
models.*> Molecular simulation studies of Koddermann et
al.*® and NMR-based diffusion coefficient experimental studies
of Husson et al.>> have concluded the nonapplicability of the
Stokes—Einstein equation in imidazolium bis(trifluoromethyl-
sulfonyl)imide and imidazolium triflate ILs, respectively. They
find that the ion size is not the sole contributor that controls
the diffusion. The presence of dynamic heterogeneities and
different solvent—solvent interactions also govern the diffusion
properties of ILs, irrespective of having similar radii for the
cation and anion.***® To validate the applicability of the
Stokes—Einstein equation in ILs here, we calculated the
hydrodynamic radius based on the experimental viscosity and
diffusion coefficient value of [Bmim]* cation at 25 °C in a pure
IL form. The calculated hydrodynamic radius of the [Bmim]*
cation at 25 °C is equal to 0.127 nm, which is close to the
reported value (0.13 nm)™ for the same. However, the van der
Waals radius is ca. 0.33 nm,*” which raises concerns for the
validity of the Stokes—Einstein equation in IL systems.
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A limited ionic conductivity is a disadvantage in the use of ILs
as electrolytes® and in electrochemical devices® including
lithium ion batteries,”” supercapacitors,gl_93 fuel cells,”* and
photoelectrochemical cells.”” Angel and co-workers have
described a qualitative approach based on the Walden plot
to identify the degree of ion association with respect to KCI,
which is fully dissociated.”””” On the basis of the Walden rule,
the product of ionic conductivity and viscosity is a constant at
a specific temperature.40 Most materials (excepting, e.g,
LiAICl, and polyoxometalates),”””®"” fall below the Walden
plot’s “KCIl line”, as their conductivities are lower than the
value predicted by the Walden rule.'” In this context, the
Walden plot not only indicates the ionic association of ILs with
respect to KCl but also it compares the degree of ion
correlation of imidazolium triflate ILs with respect to cation
chain length.

A Walden plot for the ILs studied here is shown in Figure S.
An error propagation is performed for standard deviation
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Figure 5. Log—Log plot of molar conductivity vs viscosity (Walden
plot) indicates the degree of ionicity of the IL. The plots are drawn
using the data collected at 25 and 60 °C and are compared to the
“ideal” case of 0.1 M KCI, which exists as dissociated ions. Error
propagation is performed for x and y errors and plotted in the same
plot as logarithmic errors.

values of individual measurements of the conductivity and
viscosity and are shown as error bars in the plot. We note that
many of the error bars fall within the size of the data points
shown on this log—log plot. Literature values of [Emim]TFO]
and [Bmim][TFO] are also plotted in the same Walden plot
for comparison, taken from refs 35 and 75. According to this
figure, all the ILs studied lie below the ideal KCI line, which
indicates a low ionicity or less dissociation with respect to
KCL'%'%! [Emim][TFO] and [Bmim][TFO] lie closer to the
KCl line compared to other three ILs, that is, [Hmim][TFO],
[Omim][TFO] and [Dmim][TFO], at 25 °C.

According to the data we obtained at 60 °C, [Emim][TFO]
and [Bmim][TFO] seem to have a high degree of cation—
anion association, as they lie far away from the ideal KCI line
relative to lower temperatures. These results are contradictory
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with the conductivity, viscosity, and diffusion coefficient data
trends obtained for the same. On the one hand, Hussen and
co-workers also observed a slight decrease in ionicity when the
temperature was increased and suggested that the temperature
has no effect on the ionic association.>® On the other hand, the
[Dmim][TFO] has a high ionicity at 60 °C compared to 25
°C, which is also be reflected from its high conductivity value.
The [Omim][TFO] deviates from the above trend at 60 °C
showing a much lower ionicity compared to the rest. Harris
also observed inconsistencies when applying the Angell-
Walden analysis and concluded that this analysis does not
convey quantitative information on ionicity other than a
qualitative ranking of the conductivity of ILs at a given
viscosity and, hence, may be impaired when classifying IL
interactions.'*”

Despite the recent widespread use of ILs, information related
to an IL-solid interfacial structure is scarce.'”® Many processes,
including energy storage in supercapacitors, occurs via a charge
separation at the electrode-IL interface. Therefore, we also
report energy-related properties such as interfacial capacitance
and energy density. Imidazolium cation-based ILs have been
widely used in EDL capacitors, and the identity of the IL’s
cation is known to affect the double-layer capacitance.””'**

The interfacial capacitance is affected by various factors
including the effective permittivity of the IL, topography, and
the material of the electrode surface.”® Among all the other
factors, the alkyl chain length has a great influence in tuning
the interfacial structure via viscosity, conductivity, and
capacitance changes. As discussed previously in Section 3.3
and Section 3.4, when the alkyl chain length gets larger, the
viscosity becomes larger and conductivity gets smaller due to
an increasing steric hindrance introduced by the alkyl chain.*
With the context of the bulk viscosity and conductivity data
reported above, the addition of the electrochemical capacitance
versus potential relationships aid in developing an under-
standing of how the alkyl chain length affects the structure and
behaviors of an electrochemical interface when negative and
positive potentials are applied. To preserve the overall
physicochemical properties determined by a basic ionic
structure, we consider five cations in which all share the
same cation head but have various neutral chain lengths. We
also compare the capacitance obtained from two different
single-frequency techniques, namely, single-frequency impe-
dance and AC voltammetry as well as effects of cathodic and
anodic scanning directions.

Figure 6 shows the capacitance curves in both anodic and
cathodic directions, and we compare capacitance of anodic and
cathodic scanning directions by taking the maximum
capacitance into account. Numerical maximum capacitance
values are tabluated in SI 14. Our data show a general trend to
increase the maximum capacitance with the increasing chain
length of the imidazolium cation, except for [Omim][TFO].
On the basis of the purity testing studies (i.e., Karl Fischer and
'"H NMR studies) [Omim][TFO] behaves similarly to the
other ILs. This claims that the impurities, mainly water, are not
the cause for this action. However, in Figure 3, [Omim][TFO]
showed the largest deviation from the viscosity linear trend
(i.e., by 31.5 viscosity units). On the basis of our experimental
observation and literature precedence,®’ as discussed in
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Figure 6. Single-frequency impedance data for five different ILs ([Emim][TFO], [Bmim][TFO], [Hmim][TFO], [Omim][TFO], and
[Dmim][TFO]) on a polycrystalline gold electrode obtained in the (A) anodic direction and (B) cathodic direction. The arrow denotes the
potential scan direction, and the arrows are numbered to indicate which scan direction is performed first. The anodic direction is performed first
followed by the cathodic direction. Error bars represent the standard deviation of three replicate measurements under the same experimental

conditions.

Section 3.4, we suspect that the [Omim][TFO] displays a
different structural heterogeneity compared to other ILs
studied.

The longer alkyl chain of the cation may produce strong
solvophobic forces that increase the cohesive forces within
layers near the electrode surface. Hence, cations with longer
neutral tails will more likely form interfacial structures with an
efficient packing. Consequently, the long alkyl chain of the
cation could work to reduce the thickness of the EDL structure
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formed at the electrode, and the thinner electrochemical
double layer could contribute to an increasing capacitance and
energy density.'°”'% This phenomenon is supported by
Vericat and co-workers’ report based on self-assembled
monolayers (SAMs) of thiols on gold surfaces of varying
hydrocarbon chain lengths. According to their study, the
interactions among backbone hydrocarbon chains involving
van der Waals and hydrophobic forces ensure an efficient
packing of the monolayer and contribute to stabilize the
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structures with an increasing chain Iength.107 The results of an

early study by Grahame based on the dependence of the
integrated capacitance of the mercury/aqueous electrolyte
interface on the identity of alkali cations in solution (0.1 M)
are also consistent with our interpretation of cation chain
length effect on the reduction of the double-layer thickness
when the cation size is increased.'*® In this study, they showed
that the Cs* ion resides closer to the interface (compared to
Li*) due to a partial dehydration of the ion, and the shorter
double-layer width accounts for the increase in capaci-
tance'l()s,l()‘)

Bhargava et al. highlight the preferability of the [Omim]*
cation to retain their orientation with respect to the interface
normal for a longer time compared to the [Emim]* cation.''’
Further, Mao and co-workers’ in situ STM characterizations
also demonstrate the strong interaction of the [Omim]" cation
with the gold electrode, forming micelle-like structures.”” As a
result of the [Omim]* cation’s higher retention at the interface,
driven by the van der Waals interactions between the neutral
counterparts of the cations, they will more likely form more
cation layers at the electrode, increasing the EDL thickness
and, hence, reducing the capacitance. As the [Dmim]* cation
has stronger van der Waals interactions compared to the
[Omim]* cation, introduced by the longer neutral tail, it is
possible that the [Dmim]* also forms micelle-like structures.
However, no prior literature evidence is found for [Dmim]* to
form such structures. It could be more likely due to the steric
hindrance introduced by the [Dmim]* cation. However,
turther studies on this phenomenon are warranted, particularly
those that would be able to quantify the balance of
intermolecular forces leading to possible organized structures.
These might include spatial distribution functions of cations
and anions using molecular dynamics (MD) simulations,"""
analyzing the thickness of the double layer using X-ray
reflectometry studies''” with respect to applied electrode
potential, and molecular ion orientation studies using vibra-
tional spectrosocopy.113

Beyond the interesting behavior of [Omim]*, our results
generally show that there is a statistically insignificant
difference between the cathodic scanning direction capacitance
values and the anodic scan direction capacitance values. For
instance, [Bmim][TFO] gives 21.3 + 0.9 uF/cm’ for the
anodic direction and 24 + 1 uF/ cm? for the cathodic direction
scans. Starting the capacitance measurements at positive
applied potentials should induce anions to specifically adsorb
and, eventually, be replaced by cation adsorption when the
electrochemical potential is moved to more negative values.
However, starting at negative applied potentials would make
the initial state likely to include an adsorbed imidazolium
cation, which could hinder the adsorption of the smaller anion
at more positive applied potentials. Consequently, the anodic
direction followed by cathodic direction gives slightly lower
capacitance values compared to cathodic followed by anodic
direction capacitance values. For instance, in the anodic
direction, the capacitance value for an anodic followed by
cathodic scanning protocol is 17.8 + 0.3 uF/cm? while for a
cathodic followed by anodic scanning protocol, the capacitance
value is only 16.9 + 0.4 uF/cm® for [Emim][TFO], in the
same scanning direction (anodic). We suggest this observation
results from the z-electronic interaction of the imidazolium
ring with the Ggold working electrode, which forms a compact
double layer.”® Furthermore, the negative charge is delocalized
in the triflate anion due to the electron-withdrawing effect of
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the three fluorine atoms and resonance effects. Charge
delocalization in the cation only occurs across the imidazolium
ring, so the cation has a stronger electrostatic adsorption with
the gold interface compared to triflate anion.''* Because of the
imidazolium ion’s ability to rearrange/reorient the charge
carrying head-groups,''” it is likely to maximize the counter-
ions near the interfacial layer minimizing the potential
difference, but there is not a clear trend in “capacitive
hysteresis” for our series of n-alkylimidazolium cations.
According to coarse-grain MD simulations performed on
uncharged surfaces by Wang and co-workers on n-mim*/NO;~
ILs, polar groups form a polar network due to strong
electrostatic interactions, while the neutral chains lie parallel
to each other supported by van der Waals interactions between
the cationic side chains.''® When the neutral chain length is
increased, ILs could transition from a spatially heterogeneous
to a liquid crystalline-like structure due to the competition
between the polar groups’ electrostatic interactions and the
side chains’ van der Waals interactions."'®""” These literature
observations support a possibility that, despite a high viscosity
and low conductivity, ILs with extended neutral tails can
exhibit a high capacitance owing to high charge density at the
interface. Ultimately, our data show clearly that, even when
scanning from negative to positive applied potentials,
capacitance values increase. We assign this to the longer
cation chain lengths and hindrance of anion—anion repulsion,
which allows a compressed thickness of the double layer.""®
As shown in Figure 6, [Emim][TFO] shows camel-shaped
capacitance curves in both anodic and cathodic scanning
directions with maximum capacitance density values of 17.8 +
0.3 and 23.8 + 0.2 yF/cm” in anodic and cathodic scanning
directions, while [Bmim][TFO] shows a camel-shaped feature
in the cathodic direction with a maximum capacitance value of
21.3 + 0.9 puF/cm* and a bell-shaped feature in anodic
scanning direction with a maximum capacitance value of 24 +
1 uF/ cm?. Gore et al. observed the same feature shapes for
[Bmim][TFO] capacitance—potential curves when performing
a single-frequency impedance in anodic and cathodic scan
directions.”” For all the other ILs studied; [Hmim][TFO],
[Omim][TFO], and [Dmim][TFO] show bell-shaped curves
in both anodic and cathodic scan directions with maximum
capacitance density values of 33 & 1, 26 + 2, and 42 + 4 uF/
cm? in the anodic direction and 39 + 1, 32 + 2, and 48 + 3
uF/cm?® in the cathodic direction, respectively. Interestingly,
the less-viscous [Emim][TFO] exhibits a minimum hysteresis
based on the capacitance curve feature position, while the
highly viscous [Dmim][TFO] shows a large hysteresis on the
same. For instance, [Emim][TFO] exhibits the maximum
capacitance approximately at —0.5 V in both anodic and
cathodic scanning directions, while [Dmim][TFO] exhibits the
maximum capacitance approximately at —0.5 and —0.6 V in
anodic and cathodic directions, respectively. The AC
voltammetry data (SI 15) show similar patterns in
capacitance—potential curve shapes in anodic and cathodic
directions. When the cation chain length is increased, the slow
dynamics of the cation would have caused more potential-
dependent hysteresis in an interfacial restructuring.
According to Monte Carlo simulations, ions having neutral
domains such as the alkyl tails in imidazolium cations exhibit
camel-shaped capacitance curves when the neutral tails are
replaced by charged moieties via rotations and the translation
of ions near the interface.””'"” The rearrangement of heads
and tails leads to the effective compaction of the counterions at
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Table 1. Tabulated Energy Density (Given in Units of J/cm?) for the IL Systems Studied Here, Listed for Measurement
Technique (SFI = Single-Frequency Impedance and ACV = Alternating Current Voltammetry) and Direction of the Applied

Potential Sweep”

SFI energy density X 107° (J/cm?)

ACV energy density X 107° (J/cm?)

anodic to cathodic

cathodic to anodic

anodic to cathodic cathodic to anodic

ionic liquid anodic cathodic cathodic
[Emim][TFO] 36 + 2 48+ 1 45+ 1
[Bmim][TFO] 96 + 4 110 + 4 105 + 1
[Hmim][TFO] 80 + 4 9% + 2 122 + 13
[Omim][TFO] 42 +6 S1+3 45 +1
[Dmim][TFO] 84 +9 95+ 7 77+ 6

anodic anodic cathodic cathodic anodic
34 +2 23+ 8 31+3 29+ 9 22 +1
92 £2 63+3 86 + 5 80 + 4 66 + 11
108 + 13 S1+7 61 + 4 80 +9 78 + 8
37+1 26 + 13 35+2 30+ 1 25 £ 1
S9+7 56 + 4 67 £ 5 56 + 13 41 + 10

“Energy density (E) is calculated using E = (CV?)/2, where C is the maximum capacitance, and V is the double-layer region potential window.
Error propagation is performed only for the maximum capacitance value as an average of n > 3 independent measurements. Calculated

uncertainties are shown with the energy density values.

the interface, providing the rising branch of the capacitance
curve at a moderate electrode polarization (i.e., ca. —0.5 and
0.0 V in anodic and cathodic directions for [Emim][TFO]).
However, when the electrode potentials are increased toward
extreme positive or negative potentials, the double layer swells
when cations and anions tend to form more ion layers, and the
capacitance subsequently falls in magnitude.'"” According to
our results (Figure 6 and SI 15), the capacitance curve shape is
transitioning from a camel shape to a bell shape as a function
of the alkyl chain length, and imidazolium cations with alkyl
tails longer than C6 form only bell-shaped capacitive curves.
According to Fedorov and Kornyshev, even though only
cations have neutral moieties, the compaction of ions and
swelling of the double layer occur at both cathodic and anodic
polarizations of the electrode at different a(Pplied potentials,
which results in the camel-shaped feature.'*’ However, as we
increase the neutral chain length, the strong van der Waals
interactions impede the formation of cation—anion layering,
resulting in the transition from a camel- to bell-shaped
capacitive feature. This observation further strengthens our
argument of van der Waals interactions between neutral chains
competing with, and even overcoming, the Columbic
interactions between cations and anions preventing the
formation of more ion layers near the interface.

When collecting the capacitance data starting from the
cathodic direction followed by the anodic direction, we
observe similar trends with respect to the cation chain length
and scan direction; the capacitance increases when the chain
length is increased, and the cathodic direction capacitance is
relatively higher than the capacitance of the anodic direction.
These observations can be interpreted in the same way as
above. Additional data, showing effects of the acquisition
technique and direction of the applied electrochemical
potential, are shown in SI 16 and SI 17.

Overall, our results demonstrate how the cation alkyl tail
length affects the properties of the EDL, specifically, the
capacitance versus applied potential. In order to increase the
energy density of electrochemical double layer capacitors, both
the capacitance and electrochemical stability window (the
potential of the double-layer region) of the IL must be
considered. While capacitance values rise with longer alkyl
chain lengths, as discussed previously in Section 3.1, the
potential window does not increase as we increase the chain
length of the cation. Hence, we do not observe large changes in
the energy density of these ILs (Table 1).
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To facilitate a comparison of these values with existing
reports we provide these data in units of joules per liter (J/L)
in SI 18. Here, we assume the maximum effective Debye length
reported for ionic liquids systems (10 nm) as the limiting
dimension of a cylinder that contains the active volume of the
ionic liquid. The calculation of the true volume of the IL in
contact with the gold working electrode is included in detail in
SI 18. According to our results, the maximum energy density is
achieved by the [Hmim][TFO] IL, and it is calculated to be
~3670kJ/L (~1 kWh/L). While evaluations based on eq 1 are
known to overstate the performance of ELDCs, the energy
value of [Hmim][TFO] IL is significantly larger than that
reported for EDLCs based on molecular solvents such as
propylene carbonate or acetonitrile (i.e., 18—28.8 J/L)"*" but
similar to other ionic liquid devices.'*” Also, the non-
flammability and high thermal stability of imidazolium triflate
ILs over propylene carbonate/acetonitrile are added advan-
tages allowing a safer deployment of ILs in capacitive energy
storage devices.'*'**

In this work, three transport properties, namely, viscosity,
electrical conductivity, and diffusion coeflicient, are exper-
imentally determined at 25 and 60 °C in five imidazolium
triflate ionic liquids with different lengths of the imidazolium
cation’s alkyl tail. Higher bulk values of viscosity, lower
electrical conductivities, and lower diffusion coeficients are
measured when increasing the alkyl chain length of the
imidazolium cation. Higher conductivities and lower viscosities
are observed at 60 °C relative to 25 °C due to reduced cation—
anion Columbic interactions, which yield high diffusivities.
Walden plots of these data show that the ionicity of the ILs
tested here are all below the ideal KCI line, regardless of the
temperature or alkyl chain length. In order to relate the
observed trends for the bulk properties with the energy-related
properties, we also analyze capacitance—potential relationships
qualitatively and quantitatively via capacitance measurements
using single-frequency and AC voltammetry, in both anodic
and cathodic scan directions. Despite the higher bulk
viscosities, lower electrical conductivities, and lower diffusion
coefficients, the capacitance values generally increase as we
increase the cation’s alkyl chain length. We rationalize this as
being a consequence of the nonpolar alkyl tail that could
weaken the Columbic interactions between ion pairs. This
could prevent the formation of multiple layers at polarized
electrodes, thinning the double layer, and increasing total
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capacitance. Hence, it is important to note that the capacitance
is most possibly governed by the interfacial properties and not
by their bulk properties. [Omim][TFO] deviates from the
observed trend, driven by the high retention ability of the
[Omim]* cation at the interface. More ion layers would form,
leading to more thickness in the double layer, reducing the
capacitance. Furthermore, the capacitance—potential curve
shape transitions from a camel to bell shape as we increase the
alkyl chain length, which is an interesting finding of this work.
As both the capacitance and electrochemical stability window
of the IL of interest affect the energy density of EDLCs, we do
not observe a clear trend in energy density with respect to the
cation chain length.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.1c00015.

Details on the calculation of electroactive surface area of
the working electrode, potential windows and water
contents of each IL, equivalent circuit diagram, 'H NMR
data of ILs, experimental viscosity, conductivity, and
diffusion coeflicient values, maximum capacitance values
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