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Abstract

The influence of ionic associations and potential-dependent interactions on the electrode-
electrolyte interfacial structure of ionic liquids (ILs) are studied by electrochemical impedance
spectroscopy (EIS) and surface enhanced Raman spectroscopy (SERS) for a variety of asymmetric
quaternary ammonium ILs. Specifically, the impact of cation alkyl chain length (C=4, 8 and 16)
and ether functionality on the interfacial structuring of ILs at the glassy carbon electrode surface
are examined. Ammonium cations with alkyl chain length of 8 and 16 carbons are found to
stabilize the formation of the bis(trifluorosulfonyl)imide, [TFSI], anion dense Stern layer at
positive electrode potentials leading to larger capacitances. The longer alkyl chain of the cation is
believed to screen the ion-ion repulsion among the anions by intruding into the interfacial anion
layer. SERS suggests the presence of carbon containing rings at the interface at both positive and
negative electrode potentials, which can be explained by the buckling of the long alkyl chains.
Inclusion of an ether functionality allowed for more symmetry in the camel-shaped potential-
dependent differential capacitance curves suggesting similar excess ion density at both positive
and negative potentials. This work contributes to understanding and predicting the interfacial

electrode capacitance in ILs by understanding the balance of ionic interactions and the associated
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repulsions at electrode-electrolyte interfaces that are pertinent to electrochemical energy storage,

electrocatalysis, and electrochemical sensors.



Introduction

Ionic liquids (ILs), salts whose melting temperatures are below 100 °C, have attracted the interest
of a growing number of scientists over the past two decades.! The low melting temperature of ILs
is attributed to delocalization of charge over large organic cations and inorganic anions resulting
in weakened ionic bonds. Unique physical properties common to ILs are high thermal stability?,
wide electrochemical windows?, inherent conductivity*, and negligible vapor pressures®. ILs are
potential electrolytes for batteries*®’, dye sensitized solar cells®, capacitors”!?, electrochemical
sensors'!, and electrochemical conversion of CO,'>!3, Furthermore, ILs are capable of solvating

14716 Application of ILs has

cellulose and lignin thereby simplifying the processing of biomatter.
had success in dendrite-free zinc deposition for batteries!’, electrochemical capacitors with
improved capacitance at elevated temperatures'®, and biomaterial processing!®. Nevertheless,
fundamental understanding of IL structuring near charged surfaces and around solutes is not

unified as ILs present complex behavior which is not governed by classical theories of liquids and

interfaces.

Due to the lack of neutral solvent molecules in ILs, fundamental electrochemical processes which
are understood for conventional electrolytes containing dissociated spherical ions must be revisited
in the context of ILs. A significant difference between conventional electrolytes and ILs is the
electrical double layer (EDL), the interface that forms between the electrolyte and a charged
surface. For conventional electrolytes, common to batteries and electrochemical capacitors, the
EDL is modeled by the Gouy-Chapman-Stern (GCS) theory?’. The GCS model provides an
adequate description of the position of ions in the interface and the electric potential profile from

the electrode surface into the bulk electrolyte. For systems that are described by the GCS model,



the capacitance of the system follows a parabolic curve when graphed as function of potential.
Differential capacitance, C, is defined by:

do
C_

- Eqg.1
dq d

where o is the surface charge density and ¢ is the electrode charge. For ILs, a parabolic dependence
on potential is not observed. Instead, curves resembling “bell” and “camel” shape are observed

with local maxima at potentials both negative and positive of the open circuit potential (OCP).!

Development of a mathematical model that can describe the IL-electrode interface, similar to how
the GCS model describes conventional electrolytes, is under development by the group of Alexei
A Kornyshev?!. Kornyshev’s description of the capacitance of an IL system modified to correct

for short range ion associations? is given in Eq. 2

1 2y sinh? (%)
1+ 2y sinh? (%) In <1 + 2 y sinh? (az_u))

Cox = Cocosh (az_u)

where C, is the Debye capacitance, u is thermal potential defined by eV/ksT, « is the ion interaction

parameter, and y is the “compactiy’?!

parameter. Recently, y has been redefined as the participating
(unpaired) ion fraction®® in the interface. In a system assumed to be made up by the coexistence
of ions and ion pairs, the differential capacitance is expected to depend on the degree of “ionicity”
of an IL. Ionicity is a measure of the extent of ion dissociation.?* Splitting of ion pairs followed by
reorientation of ions in the interface can separate previously non-participating ions to a position

where they are capable of increasing the interface capacitance and thereby lead to the “camel”

shape of the differential capacitance curve.



Ion structure at the IL-electrode interface has been shown to take on alternating layers of cations
or anions in both checkerboard and layer by layer configurations where a transition between the
two configurations may be enabled by the applied potential.>>2” This is in stark contrast to the
GCS model which assumes an inner layer of hydrated ions followed by a diffuse layer of ions and
solvent dipoles. Interfacial IL structure is an alternating charge density profile of cations and
anions reported to extend nanometers into the electrolyte and has been studied by electrochemical

)?8, chronoamperometry®’, surface force balance®®, sum frequency

impedance spectroscopy (EIS
generation®!', neutron scattering®?, x-ray scattering®®, surface enhanced Raman spectroscopy
(SERS)**° and molecular simulations.*® Bulk structuring in ILs caused by segregation of polar
and nonpolar domains has been reported for imidazolium and quaternary ammonium ILs with

alkyl substituent as short as C2 and C3 carbon chains.’”

EIS is a technique to experimentally measure interfacial capacitance as a function of potential.*!*?

Techniques involving a potential sweep can be affected by hysteresis due to adsorption/desorption
of ions and different reorientation response times of the ions closest to the electrode and those in
subsequent layers.** Hysteretic behavior is often reported in ILs and a thorough study of the causes
and effects of hysteresis has been conducted by Lucio and Shaw.*~*® In a previous report,*’ we
demonstrated that rigidity of the cation limits voltage-driven increases in interface density; the
least rigid (quaternary ammonium) cation resulted in a much greater increase in capacitance
(defined as the ratio of maximum global capacitance to capacitance at the bottom of the well in
the “camel” shape) compared to the pyrrolidinium or imidazolium cation. This report aims to
clarify the impact of ionic interactions and length of linear structures to further understand the IL-
electrode interfacial structure. The likelihood of an IL existing as an ion pair is modified by altering

the chemical structure of the cation through variation of alkyl chain length (C=4, 8 and 16) and



ether linkage, while maintaining the common [TFSI] anion. Walden plot analysis and EIS are used
as tools in this work to develop an understanding of the dominant interfacial phenomena at play at
the IL-electrode interface, be it splitting of ion pairs or ion reorientations. A more detailed
examination of the interface for methyltrioctylammonium bis(trifluoromethylsulfonyl)imide,

[Nissg][ TFSI], is supported by SERS.

Experimental

Materials

The following ILs were purchased from Iolitec (Alabama, US): Methyltrioctylammonium
bis(trifluoromethylsulfonyl)imide [Nisss][ TFSI] (99%), Octyltriethylammonium
bis(trifluoromethylsulfonyl)imide [N2228][ TFSI] (98%), (Butyltrimethylammonium
bis(trifluoromethylsulfonyl)imide ~ [Ni114][TFSI]  (99.5%),  N,N-Diethyl-N-methyl-N-(2-
methoxyethyl)ammonium  bis(trifluoromethylsulfonyl)imide [Ni22¢on)][TFSI] (99%), and
hexadecytrimethylammonium bis(trifluoromethylsulfonyl)imide [Ni1116)][TFSI] (99%). The
cation structures and room temperature physical properties of these ILs are reported in Table 1.
Nitrogen gas (99.998%) was purchased from Airgas. Oils N100 and S20 viscosity standards were
purchased from Cannon Instrument Company (Pennsylvania, US). Polystyrene sheets, 1 mm thick,
were purchased from McMaster Carr. Silver foil (0.1 and 0.05 mm thick) and silver wire (0.5 mm
and 1 mm in diameter) were purchased from Alfa Aesar. Potassium chloride (99%) was purchased

from Fisher Scientific.



Table 1: Cation structure and volume, conductivity, viscosity, and density of the ILs studied at
298 K. The anion, [TFSI], molecular volume is calculated to be 248 A3.*® All molecular volumes
were determined by the method proposed by L. Siqueira and M. Ribera*® with the parameters
outlined by Ye and Shreeve®. [Ni1116)][TFSI], a solid at 298 K was used only as an additive; 2
and 5 w% in [Ni114][TFSI] which correspond to mole fractions of 0.014 and 0.036 for

[Ni1116)][ TFSI], respectively.

. Cation Size | Conductivity | Viscosity | Density
IL Cation Structure [A3] [mS/em| [mPa-s| [g/em?]
Y _ca 589 1.108
dpre '
[Nisss][TFSI] N 724 0.07 6763+ | 1.101%
CgHi7
[Naoas][TFSI] >ﬁ<EH” 416 0.48 216 1.249
[Ni114][TFSI] \_\}/\/\ 220 1.84 115 1.393
N\
[Ni22¢0on][TFSI] /<;/\/”\ 257 2.43 75 1.408
\
+ C H
[N11106][TESI]? \N/ 16T 556 N/A N/A N/A
-~
\
2 w% [Ni11a16)][ TFSI] N/A N/A 1.90 110 1.385
in [N1114][TFSI]
1.382
5w% [N111(16)][TFSI] 1.91 104
in [Ni114][TFSI] N/A N/A

a literature value from ° viscosity at 293.15*
Methods

Density



Densities of all ILs were measured in the temperature range of 298 K to 323 K by an Anton Paar
DMA 4500M vibrating tube densitometer (accuracy of + 0.03 K and + 0.00005 g/cm?) with a
sample size of 1 mL. Prior to testing each IL, the density of air and water were measured at room
temperature to confirm the accuracy of the instrument. The vibrating tube was rinsed between ILs
with methanol followed by deionized water and the density of air and water were checked again.
The water content of ILs were measured before and after density measurements by coulometric
Karl Fischer Titration (Metrohm Coulometric KF 889D). Initial and final water content of samples

are given in Table S1.
Viscosity

Viscosity was measured with a RheoSenses MicroVISC microchannel viscometer inside a
RheoSense MicroVISC Temperature Control unit (= 0.10 K). Sample flowed through the
microchannel at a flow rate of approximately 0.75 pL/s. A single measurement required
approximately 15 pL of sample. Before testing each IL, the microchannel chip was rinsed with
methanol followed by deionized water. The viscosity of N100 and S20 Cannon viscosity standards
were measured at room temperature to confirm the reliability of measurements and found to be
within 0.2%. Viscosity measurements were repeated three times at a given temperature and the

average is reported.
Conductivity

Conductivity was measured with a dual platinum electrode cell (MMA 500 from BioLogic Inc.)
with a cell constant of 1.41 cm” by electrochemical impedance spectroscopy (EIS) with a
BioLogic SP240 potentiostat equipped with frequency response analyzer (7 MHz- 10 uHz).

Temperature was controlled for conductivity measurements by placing the cell inside the



RheoSense MicroVISC Temperature Control unit (£ 0.10 K). Nyquist plots were constructed from
impedance measurements. Solution resistance was determined from a linear fit to the capacitive
region of the Nyquist plot. Table S2 shows the frequency range that was fit for each IL to
determine solution resistance. From solution resistance, conductivity was calculated with the cell
constant where the conductivity is equal to the cell constant over solution resistance. The

conductivity reported is the average value of three replicate measurements.
Cyclic Voltammetry

Electrochemical windows (EWs) of the ILs were determined by cyclic voltammetry (CV) on a
polished glassy carbon disk electrode (3 mm diameter) (BASi) at a scan rate of 20 mV/s at room
temperature (22 °C). A T-cell’! was used with silver wire counter and reference electrodes (1 mm
diameter, Alfa Aesar) contained in a positive pressure nitrogen glove box. EWs were defined by a
cutoff current density of 125 pA/cm?. The electrodes were polished by sliding the disk surface in
a figure eight motion over a microdisk cloth covered with the alumina polish for 2 minutes. Next
the electrodes were rinsed with distilled water (DI), and sonicated for 120 seconds in DI water
followed by another rinse with DI water and a final rinse with methanol. The electrode was then

allowed to dry in the glovebox transfer chamber.
Differential Capacitance

Differential capacitance of the IL-electrode interface was measured by electrochemical impedance
spectroscopy (EIS) using the same glassy carbon working electrode used in CV (3 mm BASi). The
counter electrode was Ag plate (2.5 cm?, 0.05 mm thick from Alfa Aesar) and the reference
electrode was Ag wire (1 mm diameter, Alfa Aesar). Before any electrochemical measurement,

the IL sample was dried in a vacuum oven overnight at 80 °C. After drying, the ILs were bubbled



with N> for at least 45 minutes prior to EIS measurements. Water content of the electrolytes was
measured before and after the EIS experiments and are reported in the supplementary material
Table S1. The working, counter, and reference electrodes were polished using the procedure
described earlier. A three-electrode cell, approximately 5 mL in volume, was used. The counter
electrode was placed in the bottom of the 5 mL cell, the working electrode was dipped into the top
of the solution and slowly drawn out to form a hanging meniscus. The reference electrode was
placed in the bulk electrolyte near the hanging meniscus. EIS measurements were performed at
potentials within the EWs determined by CV over a frequency range of 500 kHz -100 mHz and
with a 10 mV amplitude perturbation. (Biologic SP-240 with frequency response analyzer). Prior
to applying the 10 mV sinusoidal perturbation over a base (DC) potential, the base potential was
held for 1 minute. Between EIS measurements at either positive or negative potentials, the system
was forced back to the originally observed open circuit potential for 30 minutes in order to

minimize hysteresis.

EIS data was fitted to an equivalent circuit using EC-lab (Bio-Logic science instruments software).
An equivalent circuit consisting of a resistor in series with a constant phase element was used.
Only the frequency range associated with the charging of the electrical double layer was fit (fit
parameters are given in Table S3). The correct frequency range was identified as outlined in our

previous report*’ and is based on the analysis of Drueschler.>?
Surface Enhanced Raman Spectroscopy

Raman spectra were collected using a Horiba Xplora One Raman system equipped with a 785 nm
excitation laser, spectral range of 500 to 2000 cm!, and resolution of 0.975 cm™ / pixel at 785 nm.
The spectra were collected using a 20 x magnification objective, 500 um hole, 100 um slit, 10 s

exposure time, and 5 accumulations. An electrochemical cell (schematics and details provided in
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Figure S1) was custom built for the experiments utilizing a silver working electrode. The cell is a
liquid well with electrodes placed outside of the optical path of the laser small enough to be placed
on a microscopy stage. The cell consisted of stacked polystyrene sheets placed over a glass slide
to which the working electrode / SERS substrate was attached. The working electrode (0.2 cm?
SERS silver substrate) was placed at the bottom of the cell in the path laser path coming from the
top perpendicular direction. The coiled counter electrode, 0.5 cm maximum coil radius, was
embedded within the top polystyrene sheet (Imm thick) and placed over the working electrode,
separated by another polystyrene sheet with a hole cut to create an optical path between the Raman
laser source and the working electrode surface. The reference electrode used in the cell was an Ag
wire (0.5 mm diameter) embedded within the polystyrene spacing layer. The exposed tip of the
Ag wire was placed between the counter and working electrodes outside of the optical path. The
counter electrode was coiled Ag wire (0.5 mm diameter Alfa Aesar). All 3 electrodes were wetted
by approximately 0.5 mL of IL sample. The SERS substrate (0.1 mm thick Ag foil Alfa Aesar),
which served as the working electrode, was electrochemically roughened silver following the

procedure identified by Tian et al.>

Briefly, a 3 potential step sequence was used in a 3 electrode
cell with aqueous 0.1 M KCI electrolyte starting at -0.25 V (vs Ag wire quasi reference) for 15 s
followed by 0.25 V for 8 s, and finally -0.25 V for 60 s as shown in Figure S2. The silver substrate
to be roughed was the working electrode, while a large silver plate (0.05 mm thick) was used as

the counter electrode, and a silver wire reference electrode. SERS measurements allow the probing

of the interface within a few nanometers (~10 nm) away from the surface.>*

Results and Discussion
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Measured densities, viscosities, and conductivities at 298 K are given in Table 1. Molecular
volumes of ions were estimated using the method explained by L. Siqueira and M. Ribera*® where
the volume of an ion can be estimated by the summation of individual volume elements determined
by Ye and Shreeve®, the results of this estimation are shown in Table 1 along with molecular
structure and abbreviations. A modified Walden plot (log molar conductivity vs log inverse
viscosity rescaled to the size of the ion)?*, of the ILs is shown in Figure 1A. The Walden plot is
interpreted as a measure of the strength of ion interaction in the ILs. The KCI line, dashed line in
Figure 1A, represents the case of a completely dissociated ion pair and is used as a reference of a
non-interacting ionic solution. The ILs that lie close to the reference line are thought of as
containing non-interacting, or weakly interacting, ions. Deviation below and to the right of the
KCl line indicates increased strength of the ion associations that lead to neutral aggregates of ions
referred to as ion pairs. Accordingly, the strength of ion interactions in these ILs are found to
follow the trend [Nisgs][ TFSI] >> [N2228][ TFSI] > [Ni1114][ TFSI]~ [Ni2201)][ TFSI]. The values of
viscosity, conductivity, and density at all temperatures can be found in Table S4. EWs of the neat
ILs are shown in Figure 1B. All ILs have nearly the same anodic and cathodic limits, which allows
the interfacial capacitances to be determined across the same range of potentials. All ILs show
broad low current peaks in the CVs which are attributed to impurities. Randstrom et al., suggested
that the impurities in ILs could be related to dissolved gases while the work of Evans et al. showed
the CV peaks persist after sparging the IL with argon and even under vacuum suggesting the
impurities are nonvolatile.”>>” One possible source of nonvolatile impurities are halides which are

part of the intermediates in the synthesis of ILs.%>’
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Figure 1: Physical and electrochemical properties of the studied ILs and IL mixtures. (A) Walden
plot: data corresponds to measurements at 298, 303, 313, and 323 K. Dashed line is 0.01 M KCl
reference. (B) EWs of the neat ILs measured by CV at a scan rate of 20 mV/s and 298 K on glassy

carbon electrode. Scale bar of 125 pA/cm? represents the cutoff current density.

Figure 2 shows the measured differential capacitance of the four ILs including [Ni114][TFSI]
which was reported previously in an identical experimental setup*’. All four ILs have a camel
shape differential capacitance curve. Three key features should be noted. The first feature in
Figure 2 is the capacitance in the valley (interpreted as the point of zero charge, PZC) between
the anodic and cathodic peaks. The capacitance at PZC was expected to correlate to the position
of the ILs on the Walden plot in Figure 1A. Specifically, ILs with ions which appear to be weakly
interacting were expected to have greater capacitance at PZC due to increased ionicity. Recall, ILs
closer to the KCI line on a Walden plot can be interpreted as being more dissociated which would
provide an increase in number of participating ions in the interface without applied potential.

Therefore, one may expect the capacitance at PZC would correlate to the ionicity trend in the
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Walden plot. It should be emphasized here that PZC is determined from the minimum of the
capacitance curves and it does not necessarily correspond to 0 V. The deviation of PZC from 0 V
is related to the specific ion adsorption on the electrode surface. The differential capacitance curves
indicate no clear trend between the degree of ion interaction and the capacitance at PZC, which
for ILs is related to the Debye capacitance or, Co in Eq 1. Contrary to the expectation, capacitance
near PZC for [Nisss][TFSI], [N222s][TFSI], and [N1114][TFSI] are all nominally 2 - 3 uF/cm?. The
difference between expectation and measurement are resolved by understanding that the free ion
density in the interface at PZC depends upon more than simply the number of participating ions.
Interactions between like ions, as well as steric effects and electrostatics, must be considered in
this case. [Ni220on][TFSI] has the largest value of capacitance at PZC, 6.25 pF/cm? which is
caused not only by free ions in solution but also a number of interactions that cannot be directly

probed with EIS such as the possibility of polar interactions due to the ether functional group.
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Figure 2: Differential capacitance measured by EIS on a glassy carbon electrode at 298 K all
shown on identical scales. Error bars shown are for a 90% confidence interval calculated from the
statistical average of capacitance values over the fit frequency range for the respective IL. The
frequency ranges used in calculations are given in Table S3. Red lines represent the fit of the data
to the model of Goodwin-Kornyshev??. Potential sweeps started at OCV, then scanned in the

negative direction, brought back to OCV for 30 minutes and then scanned in the positive direction.

The second feature in Figure 2 is related to the two maxima; one at a positive electrode potential

and one at a negative electrode potential vs the Ag wire reference electrode. As the electrode is
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charged more positive or negative, more of the oppositely charged ions in the IL electrolyte
accumulate at the interface. Therefore, the peak at the positive potential corresponds to the excess
[TFSI] density while the peak at negative potentials corresponds to excess cation density,
compared to PZC. The increase in capacitance from PZC to these maxima are related to the
compressibility (influenced by rotations and reorientations) of the ion density with potential.
Figure 2 shows that the cation structure modulates the excess anion density at the interface. For
instance; [TFSI]” density at the interface increases to a greater extent for [Nigss][TFSI] compared
to [N1114][TFSI] as seen Figure 2A and C. Increased capacitance by octyl-substituted ammonium
cations is possibly due to the hindrance of anion-anion repulsions in the interface by the long (C8)
alkyl chains. Hindering anion-anion repulsion in the interface would lead to larger capacitance by
preventing expansion of the double layer. The Cg in [N2228][TFSI] has the same effect on the
accumulation of anions and shows similar peak asymmetry as [Niggs][TFSI] (Figure 2B). A
maxima of 19.9 uF/cm? is achieved with [Nisss][TFSI] while [N222s][TFSI] only achieves a
maxima of 14.4 uF/cm?. Each Cs chain is capable of screening the repulsion between anions
leading to more effective screening in [Nsss][TFSI] compared to [N222g][TFSI]. For [N1114]" and
[Ni22con] " in Figure 2C and D, respectively, there are no long alkyl chains to screen the anions
at positive potentials; consequently the capacitance at positive electrode potentials is lower and the

curves are more symmetric compared to the larger cations studied.

The third feature in Figure 2 are the “tails” (end behavior at most negative and most positive
potentials) of the differential capacitance curves. The tails reflect decreases in ion density due to
repulsive forces between like ions. Decreasing capacitance is associated with either steric forces
or ion-ion repulsion between ions, both of which result in an increase in the interface thickness.

[Nigss]" and [N222g]" exhibit slow capacitive decay as seen in negative tails in Figure 2A and B,
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respectively. Slow capacitive decay is thought to be the result of sequential increases in interface
thickness as the electrode charge is brought more negative. A tradeoff between number of ions in
the interface and the interface thickness (i.e. charge density) modulate capacitance, and in the case
of [Ni3ss]" and [N222s]" the cations encompass such a large volume that the increase of the interface
thickness is more pronounced than the increase of the number of excess ions in the interface, as
Figure 3 illustrates. Overscreened systems contain a monolayer of same charged ions followed by
alternating oppositely charged layers as previously described by Bazant and Kornyshev®®. On the
contrary, the sharp decrease in capacitance for both [Niggs][ TFSI] and [N2228][ TFSI] at the positive
tail can be explained by crowding of anions in the interface. The proximity of like charges creates
a large degree of ion-ion repulsion which eventually overcomes the screening introduced by the
Cs leading to a tail with steep slope. Compressibility caused by potential is less significant for ILs
with smaller ion sizes such as [Ni114]" and [Ni22on]" in Figure 2C and D, respectively, which

have the lowest values of maximum capacitance.
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Figure 3: Cartoon representation of IL structure near the electrode surface for ILs with smaller-
sized cations (top) and larger-sized cations (bottom) and the same anion. Electrode potential
increases from PZC (left) to an upper limit (right) dictated by the electrochemical stability window
of the IL where the potential-dependent capacitance goes through a maximum at a moderate
potential (middle) thereby giving rise a ‘camel shape’. At PZC, there is no excess charge in the
interface and the IL structure resembles a checkerboard pattern. At the maximum capacitance,
minimal repulsive forces are present among the alike charged ions. At the upper limit of the
potential window, there is significant accumulation of ions at the interface hence a drastic increase
in interface thickness, 8, due to ion repulsions (red double sided arrows on top right) and steric

repulsion (bottom right) resulting in all systems having similar capacitance.

Red lines in Figure 2 represent the fits to the data using the model put forth by Goodwin and
Kornyshev?? as expressed in Eq 2. All fitting parameters are contained in the supplementary
information, Table SS. It is apparent that the fit does not accurately predict the end behavior of
the differential capacitance curves for systems previously described to show crowded interface
structure. Differences between the experimental data and the fit are expected to arise from
reorientations of ions in the interface. While the model takes into account short range ion
associations, ion reorientations directly impact crowding and overscreening in the interface

resulting in the observed differences between the experiments and model.

To directly probe the impact of the alkyl chain length, [N111¢16)][TFSI] was added to [N1114][ TFSI]
at 2, 5, and 10 wt% and the changes in differential capacitance curves were determined through
EIS. An opaque film was observed over the electrode surface during the course of the experiment

in the case of 10 wt% mixture. To minimize this effect, sample was heated to 80 °C for 15 minutes
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and cooled back down to room temperature before recording of EIS in between the positive and
negative sweeps. Addition of [Ni11¢16)][TFSI] to [Ni114][TFSI] at all concentrations results in
suppressed capacitance at negative electrode potentials as shown in Figure 4. The suppression of
the maxima at negative to PZC may be due to the steric repulsion in the interface by the long (Cis)
alkyl chain. The slope corresponding to decay in capacitance at the negative tail, potentials beyond
-2 V in Figure 4, is observed to be slightly more shallow in the mixture cases in contrast to neat
[N1114][TFSI]. This observation of shallow decay further supports the domination of steric
repulsions in the case of larger cations. A similar capacitance decrease is observed at positive
potentials for the 2 wt% mixture in comparison to [Ni114][TFSI]; thus resulting in an overall
symmetric camel shape with a maxima of only 4 uF/cm?. This is not the trend for the 5 and the 10
wt% mixture at potentials positive to OCP where the capacitances are comparable to and higher
then [N1114][ TFSI], respectively. There may be a critical concentration between 2 and 5 wt% where
the cations start to protrude into the anion layer nearest to the electrode surface allowing for a
transition from decreasing to increasing capacitance with increased potential. Mixtures of
[Ni1116)][TFSI] with [Ni1220on][TFSI] were also prepared, none of which formed solutions that

were phase stable.
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Figure 4: Differential capacitance measurements of IL mixtures ([N1114] and [N111(16)] cations with

[TFSI] anion) where the minor component has a Ci¢ chain on the ammonium cation.

To further investigate the molecular motifs of the interface as a function of applied potential, in
situ SERS measurements were performed for [Nisss][TFSI] which demonstrated the greatest
changes in its differential capacitance curve (Figure 2A). The differential capacitance behavior on
Ag was confirmed to be similar (going through a maxima) to the glassy carbon when applying
negative polarization (one half of the camel curve) as seen in Figure S3A. However, the interface
cannot be said the same with glassy carbon and Ag electrodes. CV curves showed substantial
current for [Nigss][TFSI] at the positive potential tail in the SERS cell (Figure S3B) due to
stripping of Ag from the substrate. Therefore, no positive polarization applied in EIS with Ag since
the double layer charging cannot be isolated from the Faradaic reaction. Figure SA shows the
Raman spectra of [Nigss][ TFSI] as the potential sequence shown in Figure SB was applied; the

corresponding current is shown in Figure SC. Table 2 summarizes the assignments of peaks
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observed in Figure SA. Spectral changes corresponding to intensity and area were obtained by
fitting the peaks with Gaussian peak functions (example of peak fitting in the region of 700 — 1000

cm™ and 1270 - 1700 cm™ at -2 V is shown in Figure S4).
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Figure 5: (A) Raman spectra of [Nigss][TFSI] on Ag with applied potential. Each spectrum
corresponds to the potential noted in units of V vs Ag quasi reference. -0.09 V is OCP. Peak labels
correspond to the location of the peak maxima at -2 V. The spectra have been baseline corrected
and smoothed by a 20 point polynomial using the Sovitzky-Golay smoothing method. The major
spectral trends are reproducible (see Figure S5) and reversible upon changing the potential from
positive to negative. (B) Potential sequence applied during the SERS experiment. (C) Current

response corresponding to the applied potential sequence.

Table 2: Raman peak assignments for [Nigss][ TFSI]. Peak assignments were made according to
the cited references. Assignments include potential specific peaks; those that are absent at OCP (-
0.09 V) and that become more prominent with applied potential are marked with © at positive
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potentials, ~ at negative potentials. v = stretch; 6 = bend; def = deformation. Subscripts a, s and ip

stand for asymmetric, symmetric and in-plane modes, respectively.

Assignment Raman Shift | Raman Shift (Lit) Ref.
(cm™) (cm™)
Vs (SNS) 738 743 61.62
ds (CF3)
v (CC) 920" 969
930 976 63
947 980
vs (CC) ring 1000* 1001 63
1010
Vs (SO2) 1134 1140
1107 61,62
1120"
vs (CF3) 1240 1243 61.62
T (CHy)
vs (CN) 1344 1335
va (CN) 1375 1386 64
13917
dip (CH2) 1440 1461
def (CH») 1455 63
Vass,ip (CH2)N ring 1557 1555 o
1598* 1575

There are distinct Raman features that change with potential as seen in Figure SA. First, the trends
as the electrode is brought to negative potentials with respect to the silver wire are discussed.
Several peaks became prominent as potential was swept from -0.09 V (OCP) to -2 V at 930, 947,
1107, 1344, 1375, 1455 and 1557 cm’'. The peak at 1107 cm™ (strong) observed at -2 V
corresponding to vs(SO2) of the anion is absent at OCP and instead, there are two broad and weak
peaks at 1136 and 1122 cm™ for the anion vibration. At -2 V, the 1136 cm™! (weak) mode remains
but is shifted to 1133 cm™!, and the peak at 1122 cm™! is diminished, Figure S7A (peak intensity)
and S7B (peak location). Concurrent to these changes, new shoulders appeared around 738 cm™!
which correspond to the anion. The observed changes associated with the anion peaks are

attributed to the changing environment as a result of the changing interface structure where the
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innermost cation layer is becoming accompanied by an adjacent anion layer. There may also be

overlapping v(CC) vibrations from the alkyl chain of the cation in this region.®®

Upon negative polarization, the most dramatic changes were observed at 1344 and 1375 cm™
which correspond to vs(CN) and va(CN) vibrations of the cation, respectively. Figure 6A shows
the spectral changes in peak intensity and area for 1344 and 1375 cm. Increased peak intensities
for both modes without accompanying peak broadening suggest greater concentration of CN, the
cation core, at the interface. It should also be noted that the vo(CN) mode redshifts with negative
polarization as seen in the inset of Figure 6A, which is attributed to a change in vibrational

frequency caused by the local electric field — a Stark shift.
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Figure 6: Changes in peak intensity and area as a function of applied potential: (A) CN stretching
modes prominently seen at 1344 and 1375 cm™ upon negative polarization. Inset shows the shift
in these peak locations from their original location at OCP (-0.09 V) to -2 V and +2 V; (B) CH2N

vibration at 1557 cm™.
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Increasing intensity with applied negative potential is also observed for the peak at 1557 cm™ in
Figure 6B, which is attributed to vasip(CH2)N ring as reported in the literature.%® Because there
are no rings in the quaternary ammonium IL studied, occurrence of the vas,ip(CH2)N ring peak at
1557 cm’! is attributed to the buckling of octyl chains where the ends of the carbon chains are
brought towards the cation core thereby forming a ring-like coordination complex. No significant
peak broadening occurred and the peak location did not shift during the negative potential sweep

as seen in Figure 6B, thus suggesting only increases in concentration for the coordinated chains.

The two broad peaks at 1440 and 1455 cm™, attributed to &;,(CH>) and def(CH3) respectively, grow
in intensity as the potential is driven more negative as seen in Figure 7A. Rising intensity of both
CH vibrations suggests accumulation of carbon chains at the interface upon negative polarization.
These peaks are also red shifted similar to the red shift of va(CN) at 1375 cm’! with increasing
negative potential. Due to the near-linear behavior of the shift with respect to applied potential, it
is identified as a Stark shift as such linear relation between intensity and potential is identified as

a hallmark of Stark effect by D. Lambert.%’
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Figure 7: Normalized peak intensities, areas, and location resulting from fitting the experimental
spectra with Lorentzian peak functions. (A) CHyx vibrations at 1440 and 1455 cm™! which grow in
height only with negative potential, but are severely blue shifted with applied positive potential.

(B) CC stretch located at 930 and 947 cm™.

Minor changes were observed for v(CC); region between 900 and 1000 cm™ as shown in Figure
7B. The peak corresponding to the higher energy v(CC) (947 cm™) increased slightly in intensity
as the potential was driven more negative with subtle broadening at -2 V. Increased intensity with
negligible broadening indicate an increase in carbon density near the electrode surface. A red shift
was also observed for v(CC) at 947 cm™ upon negative polarization. The lower energy v(CC) (930
cm™), attributed to carbon-carbon stretch within an anion rich environment, becomes significant

at positive electrode potentials.

As the potential scan was reversed and swept in the positive direction, the vibrations corresponding
to CH, CC, and CN disappear and the system returned to its original state as shown in the 0 V
spectra in Figure SA. Peaks that become prominent as potential is swept from OCP to +2 V are:
920, 1000, 1122, 1136, 1391, and 1598 cm™'. Spectral changes upon positive polarization in
Figures SA are better seen in Figure S6 where spectra collected more negative of OCP are
excluded for clarity. The two peaks associated with vs(SO2) at OCP (1136 and 1122 cm™) grow in
intensity upon positive polarization, consistent with an increase in anion density near the silver
surface. However, the peaks change in their relative intensities as potential is swept to +2 V, seen
clearly in Figure S7C where the ratio of peak intensities (/7122/11136) is plotted with respect to
applied potential. Unequal increases in intensity between the two SO> vibrational modes suggest

that the specific orientation or interaction corresponding to the lower frequency vibrational mode
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becomes more common at positive electrode potentials in response to the changing interface

structure.

The cation vo(CN) that is seen at 1375 cm! at negative potentials blue-shifts with more positive
potentials (1391 cm™ at +2 V in inset of Figure 6A) and increase in intensity as more clearly seen
in Figure S8A. Blue shifts in frequency for the va(CN) mode is attributed to a Stark shift with a
slope of 4.45 cm’!/V. Another Stark shift is observed for the vibration corresponding to the
Vassip(CH2)N ring in Figure 6B, with a slope of 6.29 cm™'/V.. Between 0 and +2 V there is a slight
increase in intensity of the vusip(CH2)N ring mode at 1598 cm™ with no indication of broadening

(Figure S8B).

The vibrational modes of 8i,(CHa2) and def(CH3) located at 1440 and 1457 cm! in Figure 7A are
completely absent at +2 V. At +1.5 V, the high energy vibration, 1457 cm!, is blue shifted by 8
cm’! from its location at 0 V. The nonlinear response in peak location as a function of potential
cannot be explained by Stark effect but its combination with changes in the local environment such
as the increasing concentration of anions in the interface at positive potentials and cations at
negative potentials. Rising intensity of the v(CC) at 920 cm™! while not observed at +0.5 or +1 V

vs Ag wire, is apparent at +2 V as seen Figure 7B.

Collective analysis of Figures 6A, 6B, and 7B suggest that carbon chains on the cation, [Nisss]”,
are penetrating the anion structure at positive potentials. Similar penetration of carbon chains into
anion structures near the electrode has been previously reported by Nishi et al., who used SEIRAS
(surface enhanced infrared absorption spectroscopy) to study the ion structure of quaternary
ammonium ILs near a gold surface.®® Nishi et al., were able to conclude that the combination of
long chain cations with small anions, perfluoroalkyl chain length of 0 or 1, allowed for the cation

carbon chains larger than n=4 to access the space between anions at positive potentials vs Pt.%
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As the octyl groups of the cation penetrate the interface, the vibrational mode at 1557 cm™! in the
Raman spectra suggests that buckling occurs at both positive and negative potentials leading to a
coordination complex. Spectral changes in the intensity, location, and breadth of peaks
corresponding to the cation of [Niggs][ TFSI] help identify trends in the interface structure such as
the thickness and orientation of ions. Results from SERS can be used to begin explaining the trends
observed in the differential capacitance of ILs and the structuring at the electrode-electrolyte

interfaces.

Conclusions

The formation of ion structure at the IL-electrode interface was investigated to provide insight into
the molecular interactions which govern interfacial capacitance. All of the ILs studied here have a
“camel” shape differential capacitance curve. No trend between ionicity and differential
capacitance was observed. Any effect of ionicity on capacitance that might exist is believed to
have been washed out by the presence of more dominating effects such as the steric repulsion
experienced among Cg groups of the cations that propagate into an increase in anion density.
Presence of octyl groups on the cation was shown to lead to the highest capacitances at positive
potentials: 19.9 pF/cm? for [Nisss][TFSI] and 14.4 pF/cm? for [Na22s][TFSI]. Long carbon chain
substituents of the ammonium cation demonstrate the ability to increase interfacial ion density for
the anions by screening neighboring anions from like charges. This behavior was also captured by
the mixtures where Cis substituted ammonium, [Niiia6)]", was introduced in 2-10 w% in
[N1114][TFSI]. The presence of an ether functional group on the cation, ([N122con]"), results in the
highest capacitance at the point of zero charge, 6.19 uF/cm?. In addition, symmetry of the camel

shaped capacitance for [Ni2eon][TFSI] (13.96 puF/cm? at u=66, and 10.14 pF/cm?at u= -66)
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suggests that the ether group does not beneficially interact with the anion structure. SERS analysis
of [Nissg][ TFSI] supports the conclusion that large alkyl chains can penetrate the anion structure.
SERS furthermore shows that the alkyl chains form ring-like structures as they get packed into the
interface increased polarization. Based upon peak shifts and intensity changes in the SERS spectra,
it 1s concluded that the carbon chains of [Nigss][TFSI] impact the formed anion structure by
softening the repulsive forces between alike charges. This study demonstrates the ability to control
the charge density at electrode-electrolyte interfaces with the choice of IL structure and applied

potential.
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