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ABSTRACT: Herein we demonstrate that ionic liquids can form long-lived double layers, generating electric fields detectable by
straightforward open circuit potential (OCP) measurements. In imidazolium-based ionic liquids an external negative voltage pulse
leads to an exceedingly stable near-surface dipolar layer, whose field manifests as long-lived (~1-100 h) discrete plateaus in OCP
versus time traces. These plateaus occur within an ionic liquid-specific and sharp potential window, defining a simple experimental
method to probe the onset of interfacial ordering phenomena, such as overscreening and crowding. Molecular dynamics modelling
reveals that the OCP arises from the alignment of the individual ion dipoles to the external electric field pulse, with the magnitude of
the resulting OCP correlated with the product of the projected dipole moment of cation with the ratio of predicted diffusion coefficient
of cation and its volume. Our findings also reveal that a stable overscreened structure is more likely to form if the interface is first
forced through crowding, possibly accounting for the scattered literature data on relaxation kinetics of near-surface structures in ionic

liquids.

INTRODUCTION

Room-temperature ionic liquids (RTILs) are liquids with melt-
ing points below 25 °C, composed solely of anions and cations.™
2 They have been known for over a century,® but entered main-
stream electrochemical research only in the middle of the
1990s, with the discovery of RTILs with stable anions.* Several
such RTILs are now commercially available, and unlike con-
ventional solvent-based electrolytes they can have exceedingly
large electrochemical windows.® *® This makes them valuable
in applications ranging from energy generation and storage, to
electrocatalysis.®®

RTILs are typically comprised of large unsymmetrical ions®
that form what can be approximated as a coordinated network
of ions, 12 with intermolecular forces tunable through changes
in the molecular structure of the ions.**** The unique nature of
RTILs has important implications for the structure and dynam-
ics of their interface with solid electrodes. While large molecu-
lar sizes and conformational flexibility prevent the formation of
an ordered solid in the bulk,*® RTILs at interfaces are inherently
ordered.’® Specifically, RTIL double-layer structures'’-°
formed in the proximity of charged electrodes are of great prac-
tical importance as this phase boundary governs charge
transport, energy storage and lubricating properties of elec-
trode-RTIL systems.® 22t As the electrode is charged away
from its potential of zero charge (PZC hereafter) in response to
an external bias, counterions are enriched in a first ionic layer,
where their lateral diffusivity is lower than in bulk.?? This
charged first layer induces a second ionic layer of opposite

charges, and so on, causing the potential profile to decay with
damped oscillations.

Despite a general consensus on the presence of an alternating
out-of-plane arrangement of cation- and anion-rich layers,?
the exact short-range ordering of RTILs near electrodes remains
unclear.!® 2528 To date, experimental insights on the interface
between RTILs and electrodes have relied on technically de-
manding atomic force microscopy,? # X-ray reflectometry
(XRR) experiments and Raman spectroscopy.*” % The lack of
routine and straightforward measurements, suitable to probe the
electrode—ionic liquid interface, is part of the reason why details
of the near-electrode structure are still unclear. In the present
work we address this problem by introducing open-circuit po-
tentiometry as a rapid and technically simple method to probe
the interface between RTILs and electrodes.

Firstly, quantitative data on RTIL double layer dynamics, as
well as data on the magnitude of the potential required to trigger
the formation of ordered layers, are scattered. While solvation
dynamics of bulk RTILs have a time scale between picoseconds
and nanoseconds,* the relaxation of RTILs at interfaces is sig-
nificantly slower.®>%5 But how slow is unclear, with available
data indicating relaxation times varying between a few seconds
to several minutes.®2 *

Secondly, while some authors argue that at potentials close
to the PZC counter-ions will already overscreen electrode
charges,?® % others advocate for such features occurring only at
larger biases and persisting over large potential windows.*"°
For instance Yamamoto and co-workers put forward data in fa-
vour of RTILs over-screening at biases around +1.5 V,*® while



Uysal and co-workers observed this already at —0.4 V.** More-
over, there is also the hypothesis of electrode “crowding” at
large anodic and cathodic excursions,? ! as well as a debate
around whether the thickness of the first ionic layer drops with
increasing electrode charges,*** or whether it remains essen-
tially unchanged.*® Addressing these issues is important be-
cause the phase boundary ultimately governs how energy is
stored in the electric field of electrochemical devices, such as
capacitors,® *#7 and how accessible the electrode surface is to-
wards charge-transfer reactions. The latter is emerging as a vi-
able strategy for controlling the balance between inner- and
outer-sphere competing electron transfer reactions, both for
electrocatalysis and electrosynthesis.***° Moreover, recent
computational work has shown that ionic liquids that are or-
dered as a result of exposure to external electric fields can gen-
erate strong internal electric fields that electrostatically catalyze
chemical reactions, even when the external field is removed. *
Experimental confirmation of these fields, and measurements
of their lifetime, would be the first step toward harnessing these
electrostatic effects in chemical synthesis.>>

By means of open-circuit potentiometry we demonstrate that

at electrode surfaces RTILs assume stable ordered structures,
and generate significant endogenous electric fields that persist
for days after an external potential is removed.

RESULTS AND DISCUSSSION

Interfacial Dynamics of [EMIM][EtSOa]. Prior to studying
the response of RTILs to an applied potential, we conducted a
search of the minimum of the electrode—RTIL capacitance as a
function of the electrode potential. This minimum provides a
baseline reading for the disordered RTILs against which the or-
dered RTILs could be compared, and it was obtained through
electrochemical impedance spectroscopy (EIS). The potential
where capacitance reaches a minimum generally coincides with
the electrode PZC,* and EIS measurements with platinum elec-
trodes indicate that this is close to —0.6 V vs Fc/Fc* (Figure 1a).
The accumulation of counter-ions at the electrode surface is
likely to occur in both bias directions,? implying that the posi-
tive and negative branches of the capacitance—potential curve
around the PZC are delimiting bias regions where the liquid
side of the interface is enriched of either anions or cations.
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Figure 1. (a) Representative electrochemical impedance spectroscopy (EIS) capacitance—potential plot, with a schematic depiction of the
onset of overscreening and crowding in correspondence of local capacitance maximum and minimum, respectively (platinum disk in
[EMIM][EtSO4]). The vertical arrow indicates the system initial OCP value, prior to any external biasing. Representative OCP—time measure-
ments for platinum electrodes immersed in [EMIM][EtSO4] recorded after the application of negative (b,c), and positive (d) potential steps
(60's, +2.0 V relative to the initial OCP). Dotted horizontal lines represent the average initial OCP. (b) Negative bias excursions lead to very
stable OCP plateaus located between -1.1V and -1.3 V vs Fc/Fc*. (c) A relatively short-lived and more negative OCP plateau, found between
-1.9Vand -2.0V, is evident upon close inspection of the first 30 minutes of the OCP relaxation data. The grey shaded area in (b) indicates

the data region shown in (c).
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Figure 2. Representative OCP—time measurements acquired with platinum electrodes immersed in [BMIM][PF¢] (a), [HMIM][PF¢] (b), and in
[P1asss] [NTf2] (c) after a negative potential step (60 s). The potential step was of -2 V away from the electrode initial rest OCP (dotted
horizontal lines). The grey shaded areas in (a,b) indicate the data plotted as figure insets. Data in (a) reveal the onset of crowding in
[BMIM][PF¢] as an OCP vertical step located between -1.7 V and -1.8 V. The overscreening OCP signature is found between -0.9 V and -1.0
V. (b) OCP-time data for [HMIM][PFs] with evidence of discernible OCP plateaus at ~-1.7 V and poorly defined plateaus between -1.0 V and

-0.75V.

Prior to exposure to an applied potential, the rest open circuit
potential (OCP) was generally only slightly positive of the PZC.
After a short (60 s) potential step, equal or smaller than +1.0 V
away from this initial OCP (dashed arrow and dashed horizontal
lines in Figure 1) we were only able to record a rapid, <30
minutes, equilibration of the electrode potential back to its ini-
tial rest value (Supporting Information, Figure S1). In this re-
spect an electrode—RTIL interface, such as platinum immersed
in [EMIM][EtSO,], behaves qualitatively similar to the inter-
face formed between electrodes and conventional molecular
solvent-based electrolytes, such as BusNCIOs in acetonitrile
(Supporting Information, Figure S2). Surprisingly, the experi-
mental OCP relaxation was rapid despite the magnitude of the
cathodic step (—1.0 V) being more than sufficient for the inter-
face to reach its capacitance maximum (~—1.1 V vs Fc/Fc*, Fig-
ure 1a). It is therefore probable that the —1.0 V step triggered
the formation of an ordered overscreened interface,** % but this
structure did not persist once the external bias was removed. As
ordering will progressively increase with bias,*® and since ca-
pacitance drops under fully occupied conditions, 2 the presence
of a minimum in the negative branch of the capacitance—poten-
tial curve at ~—1.9 V vs Fc/Fc* (Figure 1a) suggests the possi-
bility of a thicker first layer of counter-ions forming at this more
negative bias. We consequently measured the OCP relaxation
that followed a cathodic step of —1.5 V from the initial rest po-
tential. Once again, this bias is sufficient for the system to reach
the capacitance minimum (crowding), but OCPs still relaxed
asymptotically and very slowly (~3 h).

A remarkably different response was observed when the elec-
trode potential was disturbed away from its rest potential by a
potential step as large as —2.0 V. Applying such a large negative
pulse was effective in locking the interface in a stable ‘cation-
rich’ configuration. This cation-rich ordered configuration
manifested as an OCP plateau between —1.1 V and —1.3 V vs
Fc/Fc*, which persisted rarely less than 6 h (Figure 1b), and oc-
casionally up to four days (Supporting Information, Figures S3—
S6). Importantly, the position of these long-lived OCP plateaus
matches the onset of overscreening as assessed by EIS (Figure
1a). A closer inspection of the first part of the time-resolved
OCP measurements revealed the consistent presence of a more
negative plateau between —1.9 V and —2.0 V (Figure 1c). The

position of this initial plateau closely matches the onset of
crowding in the EIS data (Figure 1a). These initial cation-rich
surface structures persist only for short times, from few seconds
to ~30 minutes, which is of the same order of magnitude of re-
laxation times obtained for ionic liquid systems through much
more complex techniques.®? 4

Chemisorption reactions, potentially triggered by the ca-
thodic pulse, are an unlikely cause for the plateaus. For in-
stance, while very gentle vibrations of the electrochemical cell
did not disturb an overescreening OCP plateau, extracting and
re-immersing the electrode in the liquid was enough to reset the
initial OCP (Supporting Information, Figure S6). Molecules
chemisorbed on surfaces are not so easily removed.*® Further
evidence against chemisorption is the lack of a change in elec-
trode active area following the pulse (Supporting Information,
Figure S7).

The existence of such negative plateaus is in accordance with
the theory of Kornyshev and co-workers, where multiple layers
of counter-ions balance surface charges (see schematics in Fig-
ure 1).% 57 Interestingly, only when the metal charge density
has sufficiently decreased, the double layer can then adjust to
an overscreening organization, where just a monolayer of coun-
ter-ions balances the surface charge (Figure 1a). In brief, im-
plicit from our data is that a stable overscreened arrangement
forms if the system is first forced into crowding. On the other
hand, OCP relaxation responses following positive potential
steps were featureless: no plateaus were detected and OCPs re-
laxed asymptotically (Figure 1d). A similar conclusion was pre-
viously reached by AFM data, where the force required for an
AFM tip to push through the first ionic liquid layer was signif-
icantly larger for negative biases.?” * It was therefore not sur-
prising that the occurrence of these negative OCP signatures
was largely independent of the nature of the anion, with for in-
stance [EMIM][EtSO,] behaving very similarly to
[EMIM][BF4] (Supporting Information, Figure S8). We have
not tested [EMIM][PF], because, in spite of its commercial
availability, it is not liquid at room temperature.

Comparison of Different RTILs. To define the generality
of OCP measurements in probing interfacial dynamics we then



proceeded to test a range of RTILs with different cations. Imid-
azolium cations with longer alkyl side chains have higher per-
manent dipole moments, and this in turn increases the strength
of their electrostatic interaction with the applied electric field.
To illustrate this trend experimentally, we measured OCP re-
laxations in RTILs containing butyl and hexyl substituents on
the imidazolium ring. Data in Figure 2a,b show that after an
anodic step the relaxation behavior of [BMIM][PF¢] and
[HMIM][PF¢] is asymptotic and indistinguishable to that of the
smaller [EMIM][EtSO,] in Figure 1d. After a cathodic excur-
sion, both [BMIM][PFe] and [HMIM][PFe] form negative plat-
eaus, but especially in the case of [HMIM][PFg], these OCP sig-
natures are not as long-lived and well-defined as those observed
with [EMIM][EtSO.] (Figure 2a,b). OCP signatures for over-
screening are still clearly visible for both [BMIM][PFs] and
[HMIM][PF¢], although shorter in the latter (insets in Figure 2).
Crowding features in the OCP-time plot are clearly distinguish-
able only for [BMIM][PF¢]. Extending the duration of the ca-
thodic step, from one to six minutes, did not alter the dynamics
of the OCP relaxation (Supporting Information, Figure S9). The
ability to form ordered dipolar structures disappears for larger
cations, such as for example with [P14ee6][NTf2] (Figure 2c), and
despite previous reports suggesting that a more localized charge
leads to stronger surface interactions,*® pyrrolidinium-based
RTILs did not generate clear OCP signatures ([BMPyrr][NTf,],
Supporting Information, Figure S10).

Effect of Electrode Material. There is also experimental ev-
idence of a relationship between ordering on the liquid side of
the interface and the mobility of surface atoms of the electronic
conductor. Similarly to platinum, OCP plateaus were also ob-
served on gold surfaces, but surprisingly they were not detected
on covalent electrode materials of large self-diffusion activation
energy,® such as silicon and carbon (Supporting Information,
Figures S11-S13). Further, plateaus recorded with gold elec-
trodes were located at less negative voltages than for platinum,

between —0.6 V and —0.7 V, an observation for which we do
not yet have a satisfactory explanation (Supporting Infor-
mation, Figure S14). Differences in double-layer structures for
a given RTIL between platinum and gold are not unprece-
dented,% but at present we can only speculate that a less nega-
tive OCP plateau for ordered dipolar structures on gold may re-
late to a difference in surface diffusivity between the two met-
als.5

Polarizable Molecular Dynamics Studies. To understand
these results, we conducted polarizable molecular dynamics *
simulations for [BMIM][PFs], [EMIM][EtSO4], and
[HMIM][PF¢] in the presence and absence of an applied electric
field of 0.2 V/A along the z-axis. Imidazolium-based ionic lig-
uids are known to exhibit strong hydrogen bonding between the
C,—H bond on the imidazolium ring and electronegative atom
on the anions.% Radial distribution functions (RDFs, Figures 3a
and 3c) of the (C2)H---F interionic distances indicate the signif-
icant changes in the short and long-range order of both PFs-
based ionic liquids upon the application of the electric field.
[EMIM][EtSO4] and [BMIM][NTf,] demonstrated smaller
structural changes in the (Cz)H:--O interionic distances (Fig-
ures 3e and 3g), suggesting that the constituent ions do not re-
quire a significant change in the bulk arrangement to align with
the electric field. Angular distribution functions (ADFs) of the
Co—H---X bond (where X is either F (PF¢") or O (EtSO4~ and
NTf,"; Figures 3b, 3d, 3f and 3h) clearly identify that the hy-
drogen bond in all three ionic liquids undergoes a change from
a more directional hydrogen-bond type (a peak at 130°) to a
non-directional interaction above the imidazolium ring (a peak
at 55°). The occurrence of the latter strongly suggests that ionic
liquid ions re-align themselves in the electric field. Some anions
become located right above the imidazolium ring, which corre-
sponds to a typical interionic interaction mode in these ILs.
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Figure 3. Normalized radial distribution functions of (C,)H—F distances in (a) [BMIM][PFs] and (c) [BMIM][PF¢] and (C,)H-0O distances in (e)
[EMIM][EtSO4] and (g) [BMIM][NTf,]. Cone-corrected angular distribution functions of C,~H-F angles in (b) [BMIM][PFg] and (d) [HMIM][PF¢]
and C,—H-0 distances in (f) [EMIM][EtSO.] and (h) [BMIM][NTf,]. In all panels, blue lines denote behavior without an external field, and red
lines denote behavior in an external 0.2 V/A field. Insets in (b), (d), (f) and (h) are motifs representative of the two main peaks at 55° and

130°.
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Electric field

Figure 4. Visualizations of dipole moments of ions (a) BMIM* and (b) PFs~ in [BMIM][PFs], (c) HMIM*and (d) PFg~ in [HMIM][PFs], (€) EMIM*
and (f) EtSO4~ in [EMIM][EtSO4] and (g) BMIM* and (h) NTf,~ in [BMIM][NTf,] under a 0.2 V/A electric field in molecular dynamics simulations.

Dipole vector lengths are calibrated to 1 A/D.

The strong alignment of the ion dipole moments with the
field is presented in Figure 4. lon dipole moments were calcu-
lated with centre-of-mass reference points, with magnitudes
equivalent to the ‘charge arm’ calculated with respect to center
of charge.53% The alignment is particularly stark for ions with
non-zero dipole moments such as the imidazolium cations,
EMIM*, BMIM* and HMIM?, and the EtSO, and NTf," anions.
The PFg~ anion that does not have a nominal dipole moment,
when calculated in isolation, becomes strongly polarized in the
presence of other ions, with the dipole moment also becoming
aligned in the field. The alignment of the individual ion dipole
moments is not perfect due to strong intermolecular interactions
between ionic liquid ions in the range of 320 to 420 kJ mol™
per single ion pair.% The deviation from the field direction was
estimated by calculating the average 6 angle between the appar-
ent dipole moment of each ion and the direction of the field
(Figures 5a and 5b). It is not surprising and rather reassuring
that, in the absence of the electric field, the average 0 value was
observed to be ~90° for all ions. This indicates a random distri-
bution, with cone-corrected angular distributions in the Supple-
mentary Information (Figure S15) serving as further proof.

The situation changes dramatically as the field is introduced,
with the average 6 value falling between 35.6° for EtSO,~ and
49.4° for EMIM®. Further analysis reveals that 6 only weakly
correlates with the dipole moment of the ions, smaller 6 values
loosely corresponding to larger dipole moments. In addition to
the dipole orientation, each ion dipole moment was projected
along the external field axis, pz, (Figures 5¢ and 5d). All ions
besides PFg~ exhibit a strong projection ranging from 2.24 D for
EMIM* to 9.82 D for HMIM®*. This is due to the strong perma-
nent dipole moments present in the imidazolium cations, the

EtSO4 and the NTf,, whereas the PFs~ anion does not have a
permanent dipole moment due to symmetry. The projected in-
duced dipole moment of PFg™ anions is not negligible, averag-
ing 0.53 D for both [BMIM][PF¢] and [HMIM][PF¢].

The alignment of these ion dipoles to the applied electric field
induces an opposing internal electric field that, we hypothesize,
is responsible for the OCP observed when the external field is
removed. [The process of the ion re-alignment is also accompa-
nied by [cations moving to the anode and anions moving to the
cathode. In our MD simulations diffusion coefficients of cations

and anions increased by four orders of magnitude on average
when the field was applied (see Supporting Information, Tables
S3 and S4). BMIM*and HMIM* cations in the PFs-based ionic
liquids were found to diffuse slightly faster than cations in
[EMIM][EtSO,4] and [BMIM][NTf.], which can be explained
by stronger hydrogen bonding preventing ions from moving
freely in the latter. We also confirmed that the NTf,  anion
maintained its trans configuration throughout the entire simu-
lation in an external electric field (Supporting Information, Fig-
ure S16). The calculated diffusion coefficients, ranging from
3.7x 10710 2.5 x 10°m?s™%, suggest that ions can easily move
to electrodes, thus leading to crowding of cations at the anode
as shown in Figure la. It was also noticed that the mobility of
cations correlated with the projected dipole moment and the
strength of intermolecular interactions within an ionic liquid.
The ability of cations with a larger dipole moment and weak
hydrogen bonding to anions to strongly re-align with an electric
field is reflected in their increased diffusion coefficient.

Since ions of opposite charge move in opposite directions in
an electric field, it is not surprising that the projected dipole
moment sum of the cation and anion did not correlate with the
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experimental OCP plateaus (Supporting Information, Figure
S17). It is well known that cations will form a crowding layer
next to the \cathodeLthus creating a medium of different viscos-
ity at the interface compared to that of the bulk of an ionic lig-
uid. The density of coverage also depends on the cation size,
with larger cations creating less dense coverage. Therefore, it
was hypothesized that the average projected dipole moment of
cation corrected for changed viscosity at the electrode interface
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Figure 6. Correlation of measured OCP values (crowding) of
ionic liquids against the product of average dipole moment pro-
jections and diffusion coefficients in the electric field, divided by
cation molar volumes.

and cation size should correlate with the OCP. Since viscosity
is inversely proportional to diffusion coefficient, the product of
the projected dipole moment of cation with the ratio of pre-
dicted diffusion coefficient of cation and its volume gives a
strong correlation to the observed OCP plateaus (Figure 6) with
an R? of 0.907.

This correlation suggests that the mobility of cations in an
electric field plays a key role in the formation k)f a stable crowd-
ing interfacel resulting in negative OCP plateaus.

Lower mobility of EMIM* and BMIM* in an electric field in
ionic liquids with strong hydrogen bonding, reflected in small
structural changes, allows for cations to form a more stable
crowding interface, thus exhibiting the lower OCP plateaus
(Figures 1c and S18, Supporting Information). This conclusion
is further reinforced by the absence of a clear plateau in
[P1466s][NTT] (Figure 2c), in which the cation displays a negli-
gible dipole moment and hence, very low mobility.®% % The pre-
sented MD simulations thus confirmed that ionic liquid ions are
able to reorient their dipole moments along the external electric
field without sacrificing their bulk structure to a great extent.

CONCLUSIONS

We have described a simple and straightforward method to de-
tect order and electric fields of organized and long-lived ionic
liquid double layers by open circuit potentiometry. We show
that overscreened and crowded near-electrode structures are de-
tectable as negative open-circuit signatures occurring within
sharp potential windows, validating ionic liquids double layer
models proposed by Kornyshev and co-workers.?® Crowding
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manifests as negative OCP plateaus, which survive up to sev-
eral tens of minutes. This structure rearranges into an over-
screened double layer, lasting up to several days, where just a
monolayer of counter-ions balances the surface charge. These
fields can potentially be harnessed for the electrostatic catalysis
of chemical reactions,** 5% for the development of safe super-
capacitors, and can find applications in the emerging field of
redox-enhanced electrochemical capacitors.®*” The presence
of a stable blocking layer on the electrode may limit side reac-
tions in electrosynthesis, such as reducing hydrogen evolution
in the presence of trace water. Further, slow double layer dy-
namics in RTILs are known to manifest in voltammetry,® and
to introduce hysteresis in capacitance measurements®; here we
show that RTILs forming dense dielectric layers can be rapidly
identified by OCP measurements.

Polarisable molecular dynamics simulations demonstrated
the loss of short- and long-range order in [BMIM][PFe],
[HMIM][PF¢] and to a lesser extent, [EMIM][EtSO.] and
[BMIM][NTf,] under an external electric field. The ionic liquid
ions were confirmed to align their dipole moments with the ex-
ternal field. The alignment of ions was found to depend on pres-
ence of strong hydrogen bonding in ionic liquids. Cations with
larger projected dipole moments were also found to have in-
creased mobility in an electric field. The projected dipole mo-
ment of the cation, corrected for its volume and mobility in an
electric field, correlate well with the observed crowding OCP
plateaus, suggesting that increased dipole moment strength and
mobility prevent cations from forming a more stable crowding
interface. This represents an excellent design parameter to pre-
dict the likelihood of forming stable ionic liquid bilayers having
strong endogenous electric fields.

EXPERIMENTAL SECTION

Materials. Unless noted otherwise, all reagents were of analyt-
ical grade and utilized without further purification. Milli-Q™
water (>18.2 MQ cm) was used for cleaning procedures and to
prepare electrolytic solutions. 1-Ethyl-3-methylimidazolium
ethyl sulfate (>95%, Sigma, [EMIM][EtSO,]), 1-butyl-3-me-
thylimidazolium  hexafluorophosphate ~ (>97%  Sigma,
[BMIM][PFe]), 1-hexyl-3-methylimidazolium hexafluorophos-
phate  (297%, Sigma, [HMIM][PF¢]), trihex-
yltetradecylphosphonium  bis(trifluoromethylsulfonyl)imide
(>98%, lolitec, Germany, [Pigss] [NTf.]), 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
(99.5%, lolitec, Germany, [BMPyrr][NTf,]), 1-ethyl-3-me-
thylimidazolium tetrafluoroborate (>98%, lolitec, Germany,
[EMIM][BF4]), 1-butyl-3-methylimidazolium bis(trifluorome-
thylsulfonyl)imide (99%, lolitec, Germany, [BMIM][NTf]),
acetonitrile (99.5%, VWR chemicals, USA, MeCN) and tet-
rabutylammonium perchlorate (>98%, Sigma, BusNCIO4) were
used as received. The water content of all the ionic liquids used
in this work was estimated by Karl Fisher titration (Mettler-To-
ledo C20S Compact Coulometer, Honeywell HYDRANAL™
Coulomat AG reagent, Merck Water Standard 0.1%, USA), and
with at least three samples measured for each ionic liquid. The
water content readings between samples of the same ionic lig-
uid varied less than 50 ppm, and the average values were:
[EMIM][EtSO4], 930 ppm; [EMIM][BFs], 500 ppm;
[BMIM][PFe], 490 ppm; [HMIM][PFs], 745 ppm;
[BMPyrr][NTf2], 125 ppm; [Puees][NTf2], 1215 ppm;
[BMIM][NTf,], 100 ppm.

Electrochemical Methods. All electrochemical measure-
ments were carried out using a small (~4 mL) single-compart-
ment three-electrode glass cell. Cyclic voltammetry (CV) and
open circuit potentiometry (OCP) experiments were performed
on an Emstat3 Blue potentiostat (PalmSens BV, Houten, Neth-
erlands). Electrochemical impedance spectroscopy (EIS) exper-
iments were carried out using a CH 650D electrochemical ana-
lyser (CH Instruments, Austin, USA), imposing an AC poten-
tial amplitude of 15 mV (root mean square) over the DC offset
(Eqc) of the working electrode. The AC frequency was varied
between 0.1 Hz and 0.1 MHz. Reproducibility of the EIS data
was highest at 1 kHz, as also observed by others,*> 772 and
therefore capacitance—voltage data in this work refer only to
this frequency. The Eq offset of the working electrode was
ramped starting from the system’s initial OCP and moved to-
wards the cathodic limit of the sweep. The sweep rate was 40
mV/s. This sampling approach is common practice for EIS ex-
periments in molten salts.” The out-of-phase impedance (Z")
was used to estimate the electrode capacitance (C = 1/(0Z")™).
For all the electrochemical experiments the cell was loaded with
a small sample (10 mL) of the ionic liquid, which was previous
degassed by means of bubbling it with high-purity argon gas
(99.997%, Coregas) for at least 20 min. Platinum wire was used
as working and counter electrode for both CV and OCP exper-
iments (0.5 mm diameter wire, 99.99+%, Goodfellow Cam-
bridge Limited), while EIS data were recorded at platinum disk
electrodes (eDAQ, ET052, 3 mm diameter). The size of the
counter electrode was in excess of twenty times that of the
working electrode. A plastic body silver/silver chloride “leak-
less” setup was used as the reference electrode (eDAQ, part
ETO072-1, 3.4 M aqueous potassium chloride as filling solution).
The active area of the platinum wire working electrodes was
either 0.28 cm? or 0.63 cm?, as determined from the refinement
of a E model (DigiElch-Professional v7, ElchSoft) against ex-
perimental voltammogramms measured in 1.0 x 107" M
MeCN/BusNCIO4 and in the presence of 1.0 x 10 M of ferro-
cene (Fc in shorthand hereafter, Supporting Information, Fig-
ures S19 and S20). The active surface area of the platinum disk
was 0.08 cm? (Supporting Information, Figure S21). The size of
the working electrode had no measurable effect on the OCP ver-
sus time results. The reference electrode was calibrated before
and after each experiment against the apparent formal potential
of the ferrocene/ferricenium couple (Fc/Fc*) measured with the
platinum disk using 1.0 x 10% M Fc in 20 x 10" M
MeCN/BusNCIO,, and unless specified otherwise potentials are
reported against the Fc/Fc* couple. Electrochemical experi-
ments were performed at room temperature (23 + 2 °C) inside
a gas-tight acrylate box (Molecular Imaging, model GB306,
USA) kept under nitrogen atmosphere. The nitrogen line was
fitted with a Drierite™ gas drying unit (Sigma). Working and
counter platinum electrodes were cleaned prior to the experi-
ments by means of multiple cyclic voltammetry scans in aque-
ous 0.5 M sulfuric acid, ramping the potential between —0.2 and
1.0 V at a voltage sweep rate of 0.05 V s™'. Control experiments
with gold, carbon and silicon surfaces were done using, respec-
tively, gold wire of 0.25 mm diameter (99.999+%, Goodfel-
low), glassy carbon plates of 12.7 mm diameter (TED PELLA,
Inc.), and highly doped monolayer-coated oxide-free silicon
wafers (prime grade, CZ, 111-oriented (+ 0.5°), 500 um thick,
single-side polished, boron-doped, 0.007-0.013 Q cm, from
Siltronix, S.A.S, Archamps, France). The gold wire was
cleaned prior to the experiments by means of cyclic voltamme-
try in aqueous 50 mM sulphuric acid (sweeps in the -0.2 to 1.0
V range, at 0.05 V s'). Glassy carbon electrodes were polished
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to mirror-like finish with alumina slurry (0.05 pm, eDAQ,
ETO033) on a polishing cloth (Struers). After the polishing step,
the electrodes were sonicated in water for one minute.

Hydrogen-terminated silicon electrodes were modified with
an organic monolayer of 1,8-nonadiyne (98%, Sigma-Aldrich)
in order to passivate the oxide-free surface against anodic de-
composition. The procedure follows minor modification of lit-
erature procedures.’* In brief, silicon wafers (1 x 1 cm) were
kept for 30 min in piranha solution (100 °C, a 3:1 (v/v) mixture
of concentrated sulfuric acid and 30 % hydrogen peroxide),
then rinsed with water, and etched for 10 min in deoxygenated
aqueous ammonium fluoride (40 wt. %). A small amount of am-
monium sulfite was added to the etching solution as oxygen
scavenger. Hydrogen-terminated silicon samples were then
rinsed with water, dichloromethane, dried under a flow of ni-
trogen, and then covered with a deoxygenated sample of 1,8-
nonadiyne. The silicon sample was then kept under nitrogen for
2 h at a distance of approximately 200 mm from a 312 nm UV
source (Vilber, VL-215.M). The chemically passivated silicon
electrodes were rinsed with dichloromethane, rested for 24 h in
a sealed vial under dichloromethane at +4 °C, and then blown
dry under a nitrogen stream before being analyzed. The silicon
electrodes were mounted in a three-electrode and single-com-
partment polytetrafluoroethylene (PTFE) custom cell where a
circular Viton gasket defined the geometric area of the working
electrode to 0.28 cm?. Ohmic contact between the back of the
silicon sample and a copper plate was achieved by gently scrib-
ing the back of the electrode with emery paper before applying
on it a small amount of gallium—indium eutectic. The topogra-
phy of both silicon and carbon samples was estimated before
the electrochemical experiments by atomic force microscopy
(AFM). AFM data were acquired on a Park NX10 (Park Sys-
tems Corporation, Suwon, Korea). The scanning was conducted
in True Non-Contact™ mode. The silicon sample was fixed on
a steel plate using carbon tape, and then mounted on the AFM
magnetic sample holder. Imaging was done in air, at room tem-
perature, using n-type silicon AFM probes (OCML-AC160TS,
Olympus Corporation, Tokyo, Japan) with a nominal resonance
frequency of 300 kHz and a spring constant of 26 N/m. The
image size was set to 5 x 5 um, the resolution to 256 points/line,
and the scan rate to 1Hz (Supporting Information, Figures S22
and S23). Prior to the OCP-time measurements, electrodes
were left to equilibrate in contact with the ionic liquid sample
until the first derivative of the OCP versus time traces (dV/dt)
dropped below |0.0001|. This was normally achieved within
five minutes of immersing the electrodes in the liquid (Support-
ing Information, Figures S24-S27). After this initial stabiliza-
tion phase, a potential step of variable magnitude and sign was
applied to the working electrode. Unless specified otherwise the
duration of this potential pulse was 60 s. OCP recording was
resumed immediately after the pulse. The time that elapsed be-
tween the anodic, or cathodic, excursion and the resuming of
the OCP measurement was less than 2 s.

Computational Methods. The CL&Pol”™ force field opti-
mized for ionic liquids was enforced on periodic simulation
boxes containing 125 ion pairs of [BMIM][PFs], [HMIM][PFe]
and [EMIM][EtSO4]. Where necessary, ki; parameters were cal-
culated (See Supporting Information Table S1). All systems had
initial structures produced with PACKMOL,* and were ini-
tially equilibrated for 5 ns in an NpT ensemble, proving to be
ample time for each system’s density to converge (Supporting
Information, Figure S28). Average densities from the last nano-
second of equilibration were within 5% of experimental values

(see Supporting Information, Table S2), with corresponding av-
erage volumes enforced for 10 ns NVT production runs. Sepa-
rate NV'T runs from identical restart files were performed, with
the absence or presence of a 0.2 /A external field along the
positive z-axis direction. Initially, all systems were allowed 0.1
ns to deform to the average box volume, and a further picosec-
ond to align with the electric field where necessary before the
production run. In all simulations, Nose-Hoover temperature
grouped thermostats and barostats were used, with atoms ther-
malized to 353 K and drude particles thermalized to 1 K, and a
1 fs timestep was used in all simulations. The LAMMPS®! soft-
ware package was used to run all simulations, utilizing the
USER-DRUDE module. Trajectory analysis was performed us-
ing TRAVIS® software, with dipole moments calculated with
force field charges, and each ion’s centre of mass as a reference
point. The magnitude of these calculated dipole moments are
also known as the ion’s ‘charge arm.” Volume of cations was
calculated based on the previously published methodology.
The volume for EMIM* was taken from that work® and the vol-
umes of BMIM* and HMIM* cations are given in Supporting
Information, Table S5. The diffusion coefficients were meas-
ured as the slope of the mean standard deviation (MSD) of each
ion's centre of mass. All contributions of each ion across the
production runs were considered, with maximum correlation
times set to 30% of the trajectory. Correlation times of 1.5 to
3.0 ns were sampled, and produced linear fits of correlation co-
efficients of at least 0.99 in all cases. These analyses were per-
formed with TRAVIS.

ASSOCIATED CONTENT

PDF file containing electrochemical and OCP data, atomic
force microscopy data, experimental and simulated cyclic volt-
ammograms and supplementary computational results. Zipped
XYZ files containing snapshots of the MD simulations. The
Supporting Information is available free of charge at on the
ACS Publications website.
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