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ABSTRACT Complete removal of water from room-temperature ionic liquids is nearly
impossible. For the electrochemical applications of ionic liquids, how water is distributed in the
electrical double layers when the bulk liquids are not perfectly dry can potentially determine
whether key advantages of ionic liquids, such as a wide electrochemical window, can be
harnessed in practical systems. In this paper, we study the adsorption of water on electrode
surfaces in contact with humid, imidazolium-based ionic liquids using molecular dynamics
simulations. The results revealed that water molecules tend to accumulate within sub-
nanometer distance from charged electrodes. At low amount of water in the bulk, the
distributions of ions and of electrostatic potential in the double layer are affected weakly by the
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presence of water, but the spatial distribution of water molecules is strongly dependent on both. The preferential positions of water molecules in double

layers are determined by the balance of several factors: the tendency to follow the positions of the maximal absolute value of the electrical field, the

association with their ionic surroundings, and the propensity to settle at positions where more free space is available. The balance between these factors

changes with charging the electrode, but the adsorption of water generally increases with voltage. The ion specificity of water electrosorption is manifested

in the stronger presence of water near positive electrodes (where anions are the counterions) than near negative electrodes (where cations are

counterions). These predictions await experimental verification.

KEYWORDS: water electrosorption - ionic liquids - electrical double layer - water—ion association - molecular dynamics

oom-temperature ionic liquids (RTILs)

are an emerging class of ionic materi-

als that are made entirely of ions
but have melting points close to room
temperature.' > RTILs have many useful
properties*™® such as low volatility, high
thermal stability, and wide electrochemical
windows. These properties, along with the
fact that the physicochemical properties
of RTILs can be manipulated by tuning the
functionalization and/or combination of
their ions, make RTILs potentially ideal
materials for electrochemical applications
such as energy storage, electrode kinetics,
electrodeposition, and nanotribology.” '
For example, when used as electrolytes,
RTILs' wide electrochemical window en-
ables supercapacitors to operate at volt-
ages much higher than those afforded by
conventional electrolytes, thereby great-
ly increasing their energy density and
thus addressing their key limitations.'*~"”
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Indeed, using RTILs, impressive improve-
ment of supercapacitor performance has
already been demonstrated in laboratory
systems.'” 22

Transforming the success of RTILs in well-
controlled laboratory systems to more
practical systems, however, often must ad-
dress additional issues. One such issue is the
contamination by water. Most RTILs are
hygroscopic, and even those featuring hy-
drophobic ions can absorb a large amount
of water from the atmosphere.?® Because of
this, extensive studies have been devoted to
the investigation of water—RTIL mixtures,
especially for imidazolium-based RTILs.* 33
It has been discovered that, for up to a
dissolved water concentration of ~0.2—
1.0 M in bulk RTILs featuring Bmim™ cations,
water molecules mostly exist in the form of
monomers (also termed “free” or “solitary”
water)23%3> and are often trapped near the
hydrophilic moieties of RTILs. While water
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molecules do interact with the aromatic protons of
the cation, they interact with anions more strongly>®3”
and often form hydrogen bonds with two anions
simultaneously.>*3* Water can modify both the struc-
ture and dynamics of RTILs; for example, high water
content in RTILs can lead to a disruption of polar
networks,?”?° strengthening of tail—tail correlations,?’
accelerated self-diffusion of ions,***® and reduced
viscosity.>® Systematic studies have revealed that the
extent of the modification of RTILs' structure and
dynamics by water depends most strongly on the
water content, the nature of anion, and the length of
the alkyl chain 2732344041

While extensive studies of the water—RTIL mixture
provided insights into how water affects the properties
of bulk RTILs, many issues remain open. In particular,
the adsorption of water on electrified interfaces in
RTILs has not been investigated. Since completely
removing water from RTILs is nearly impossible,** it is
safe to assume that RTILs in practical electrochemical
systems will have at least a small amount of sorbed
water. While prior work already suggested that this will
not significantly affect the physicochemical properties
of water-stable, bulk RTILs, what occurs at electrified
interfaces can be very different. Specifically, if water
molecules exhibit strong preference to become ad-
sorbed on the electrode or in the first ion layer of the
electrical double layer (EDL) upon polarizing the elec-
trode, significant accumulation of interfacial water is
possible even when the concentration of water in
bulk RTILs is low. A high local concentration of water at
or adjacent to the electrode surfaces can potentially
compromise RTILs' key advantages: the electrolysis of
the adsorbed water molecules can effectively reduce
RTILs' electrochemical window, disturb the target per-
formance, and contribute to degradation of the elec-
trode or, in the case of supercapacitors, to leakage
currents.

In this work, we study electrically mediated adsorp-
tion of water from bulk humid RTILs onto planar
electrodes using molecular dynamics (MD) simula-
tions. We show that, upon electrification, the adsorp-
tion of water on electrodes can be greatly enhanced
and the degree of enhancement depends on the
magnitude/sign of electrode polarization and the na-
ture of ions. The molecular mechanisms of these
observations are clarified, and the implications of the
enhanced adsorption are discussed.

RESULTS AND DISCUSSION

Figure 1a shows the MD system used to investigate
the electrosorption of water on electrified interfaces in
humid RTILs. Each system consists of a RTIL/water
mixture enclosed between two planar electrodes
with opposite surface charge densities (o = 0,
+0.04,.. +£0.20 C/m? were examined in a series of
simulations; see Methods). Each system is closed and
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(a)

Figure 1. Models of humid ionic liquids between two planar
electrodes. (a) Snapshot of the MD system (gray spheres,
electrode atoms; color lines, [Bmim][PFs] molecules; red/
white spheres, water molecules); (b) all-atom model of the
ionic liquid [Bmim][PFg]; (c) coarse-grained model of the
ionic liquid [Bmim][PF¢]; (d) all-atom model of the ionic
liquid [Bmim][Tf,N].

contains 656 pairs of ions and 12 water molecules, the
amount consistent with the expectation that water
contamination in the bulk of RTILs with hydrophobic
ions should not be significant. Both all-atom and
coarse-grained models have been used for RTILs to
assess the sensitivity of the simulation results with
respect to molecular models. Two popular RTILs,
[Bmim][PFg] and [Bmim][Tf,N] (Figure 1b—d), were
used to assess whether features of water electrosorp-
tion observed in our simulations are generic to hydro-
phobic RTILs, in which ions are larger than water
molecules.

Electrosorption of Water and Its Electrochemical Fingerprints.
We quantify the adsorption of water on the electrode
surface by computing the average number density of
water in the region within 0.35 nm from the innermost
layer on the electrode, 529, This region is hereafter
termed “the interfacial region”, and water in it can be
considered as contact-adsorbed on the electrode sur-
face given that the van der Waals radii of the electrode
atom and the water molecule are ~0.18 and ~0.17 nm,
respectively. Figure 2a shows that the adsorption of
water on the electrode surface in contact with humid
[Bmim][PF¢] is, generally, enhanced as the surface
charge density of the electrode increases, especially if
the electrode is already moderately charged. Since the
total number of water molecules in our closed system
is the same for each surface charge density considered,
we further compute the relative enrichment/depletion
of water molecules in the interfacial region compared
to those in bulk RTILs. This is characterized by the ratio
of 52 to the number density of water in the central
portion of the system (between z = 3.5 and 4.5 nm in
Figure 1), ﬁ,?“'k, where the RTILs are bulk-like. Figure 2b
shows that, near neutral or weakly charged negative
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Figure 2. Electrosorption of water on planar electrodes.
Evolution of the average number density of water mol-
ecules in the interfacial region (a) and the relative enrich-
ment (or depletion) of water molecules in this region
compared to that in bulk RTILs (b) as a function of the
surface charge density. The interfacial region is taken as
0.35 nm within the innermost layer of the electrode. The
RTIL, [Bmim][PF¢], is modeled using the all-atom force fields.

electrodes, there is a water depletion as compared to
the bulk, likely due to the hydrophobic nature of the
graphite electrode®® (had we taken into account image
forces, the depletion would have been even stronger
due to stronger electrostatic attraction of ionic charges
than water dipoles to the conducting walls). However,
further increase of electrode charge enriches the EDLs
with water, and this starts to be seen already near
moderately charged electrodes. Additional simulations
in which there are more water molecules inside the
system showed that such an enhancement is rather
insensitive to the humidity of RTILs, at least at low
humidities (see Supporting Information Figure S1). For
the same magnitude of surface charge density, water
enrichment is stronger near positive electrodes than
near negative electrodes. We found that the enrichment
of water in the interfacial region, following the increase
of the surface charge density of the electrode, is also
seen for the tested coarse-grained model of [Bmim][PFg]
or if we use a different RTIL, [Bmim][Tf,N], described by
an all-atom model (Figure S2).

The details of the distribution of water in the water-
rich domain of the EDL depend on the RTIL model or
the type of RTILs. Indeed, already from the considered
examples one can see that the positive and negative
branches of the enrichment versus surface charge
density curve are more symmetric for water in
[Bmim][Tf,N] than in [Bmim][PF¢] (see Figure S2). How-
ever, the fact that electrification-induced enhance-
ment of water adsorption on electrode surfaces is
observed in simulations with different RTILs or their
different models suggests that such a phenomenon is
generic, at least for the class of RTILs considered here.

To better delineate the electrosorption of water
from humidified RTILs, we analyze the detailed struc-
ture of the EDLs: the distributions of ions and water
molecules near the interface and their mutual effects
on each other. All the distributions that we show
below are averaged along the plane parallel to the
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electrode surface. Figure 3a—c shows the number
density profiles of water, Bmim™ cations, and PFs~
anions near electrodes with o = 0 and £0.16 C/m?
(for water at other surface charge densities, see
Figure S3a,b). Similar to prior studies,**~*® the distribu-
tion of RTILs near the electrode surface is heteroge-
neous: cations and anions form alternating layers, and
the oscillations of ion density (Figure 3a—c) and non-
zero space charge density (Figure 3d—f) extend from
the electrode surface up to about 1.5 nm. The structure
of interfacial RTILs varies in response to the electrifica-
tion of the electrode. For example, as o changes from
0 to —0.16 C/m?, the first cation layer evolves into two
peaks: Bmim™ ions in the first peak are mostly parallel to
the surface, while those in the second peak tend to be
vertical to the surface (Figure S4).

Near neutral electrodes, the water density profile
exhibits a weak peak at z=0.33 nm and oscillates as it
moves toward the bulk (Figure 3b). Water molecules
near the electrode exist in the form of monomers due
to the low concentration of water “impurities” in our
systems (note that, for clarity, the water density profile
has been blown up by a factor of 50 in Figure 3b). The
water peaks simply indicate that water molecules
prefer to accumulate at these positions. Near electro-
des with surface charge densities of +0.16 C/m?
the peak of the first water density profile shifts to
z ~ 030 nm and its magnitude increases greatly,
especially near the positive electrodes. Water mole-
cules in the interfacial region exhibit distinct orienta-
tional ordering: they are oriented quite randomly
near neutral electrodes but become strongly aligned
with the electrical fields of polarized electrodes (see
Figure S3c,d).

For the relatively dry RTIL considered here (water-
to-RTIL ratio is ~1:55), water seems to have a limited
impact on the distributions of RTILs near the electrode.
However, even a minute amount of adsorbed water
molecules may alter the electrical properties of the EDL
noticeably because a small change of local ion density
can notably change the electrical potential inside the
EDL. To test this hypothesis, we removed all water
molecules from the simulation system and repeated
the simulations. We found that the potential drop
across the EDL adjacent to the positive electrode of
0.16 C/m? increases by ~8% when the water molecules
are removed (see Figure S5a). Since the potential drop
across the EDL directly controls the capacitance of the
EDL, this result indicates that it may be possible to detect
the adsorption of water on the electrode surface through
measurement of the differential capacitance. Further
simulations indicated that the differential capacitance
at 2V decreases by ~10% when all the water molecules
in the humid [Bmim][PF¢] considered here were
removed (see Figure S5b).

Origins of Water Electrosorption. The nonuniform water
density profile shown in Figure 3 suggests that the
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Figure 3. Structure of double layers in humid ionic liquids [Bmim][PF]. (a—c) Water and ion number density profiles; (d—f)
space charge density contributed by cations and anions. The three columns correspond to electrodes with surface charge
densities of 0 and £0.16 C/m2. In legends, C is cation; A is anion; W is water (x10 and x50 means that water density is
multiplied by a factor of 10 and 50, respectively). The vertical dashed lines denote the position of the first water peak. The
position of water/anion (cation) is based on its geometric (ring) center.

distribution of water molecules near the electrode is
intimately related to the structure of the EDLs that
would have been formed by RTILs without water.
Below, we will focus on how these EDLs and their
response to the electrode polarization determine the
distribution of water molecules near the electrode
surface.

The nonuniform distribution of water molecules
near the electrode surface is affected by the distribu-
tion of the electrical field inside the EDLs. Because of
the overscreening phenomenon, the electrical poten-
tial inside the EDLs oscillates over molecular distances
as it moves away from the electrode surface, which in
turn leads to oscillation of the electrical field (Figure
4a—c). Since water molecules are dipoles, they experi-
ence a net force when placed inside an inhomoge-
neous electrical field. Neglecting the finite size of
the water dipole and assuming that it is oriented in
the direction of the average electrical field in the EDL,
the force experienced by the water molecule is given
by f, = p(dE,/dz), where E, is the electrical field in the
direction normal to the electrode surface and p is the
water molecule's dipole moment. Therefore, a water
molecule will move toward the direction with in-
creased |E;| and tends to accumulate at positions
satisfying dE,/dz = 0 and d°E,/dz* < 0 when E, > 0 (or
d?E,/dZ* > 0 when E, < 0), that is, where the electrical
field is at its local maximum (if E, > 0) or minimum (if
E, < 0). The position with the largest absolute value of
the electrical field in the entire EDL would have been
the stable position of water molecules, had they been
just point dipoles; correspondingly, the locations
where the absolute value of the electrical field reaches
local maxima are the metastable positions. Let us,
conventionally, call these positions electrically stable
and electrically metastable, respectively.

We computed E, using the ionic space charge
density obtained from MD simulations. Figure 4a—c
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shows that there exist multiple electrically stable/
metastable positions for water molecules near the
electrode surface. This, along with the fact that the
average electrical field in the bulk of RTILs is zero, helps
explaining the preferential accumulation of water at
positions near highly charged electrodes rather than
in bulk RTILs. As shown in Figure 4a—c, for all electrode
charge densities considered here, the peaks of the
water density profiles correspond approximately to
the electrically stable and metastable positions, though
the correspondence is not exact.

The exact correspondence between water peaks
and the stable/metastable positions should, in fact,
not be expected as water molecules are not “point
dipoles”; they have finite volume. The propensity for
water molecules to accumulate at the electrically
stable and metastable positions defined by the local
maxima of the absolute value of electrical field in
water-free RTILs (which are hardly shifted by the pre-
sence of water), however, cannot fully explain the
water distribution shown in Figure 4a—c. For example,
near an electrode surface with ¢ = —0.16 C/m?
one expects the water density to be highest at
the electrically stable position (z = 0.45 nm), but the
highest water density peak appears at z = 0.30 nm
(Figure 4a).

On the other hand, we observe that the water
density peaks are correlated with the peaks of the
ionic charge density profiles (see Figure 3d—f). Such a
distinct correlation originates from the strong local
electrostatic interactions between water molecules
and their surrounding ionic shells, which causes strong
water—ion association. Since water molecules associ-
ate much more strongly with PFs~ ions than with
Bmim™ ions,***” the accumulation of water is more
significant near the positive electrodes (where the
density of PFs™ ions is high) than near the negative
electrodes (where the density of Bmim™ ions is high).
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Figure 4. Correlation between the distributions of water density, electrical field, and the “local” potential energy of water
molecules in EDLs. Electrical field (a—c, left y-axis), water number density (a—c, right y-axis), “local” potential energy of water
molecules (d—f) are shown as a function of their distance from the electrode surface. The surface charge density of the
electrode is (a,d) —0.16 C/m?, (b,e) 0 C/m?, and (c,f) +0.16 C/m>. The “local” potential energy of a water molecule is the

summation of the interaction energy of the water molecule

with species within 1.1 nm from its oxygen atom, and it signifies

the association of a water molecule with its ionic surroundings.

To quantitatively assess the role of ion—water
interactions in determining the distribution of water
molecules near electrodes, we have evaluated the
potential energy of a water molecule at different
positions from the electrode surface due to its interac-
tions with nearby species, Uy, jocai(2). Such a potential
energy bears similarity with the Madelung potential*®
and its variants,”® which have been used to character-
ize the local (non-mean-field) interactions between an
ion and its surroundings in an EDL. Specifically, we
computed the interaction energy of a water molecule
with all species within 1.1 nm from its oxygen atom
using a cutoff method (using a different cutoff radius
does not qualitatively affect the results). Figure 4d—f
shows that Uy jocai(2) Oscillates as it moves from the
electrode surface toward the bulk liquids. The peaks of
the water density profile correspond quite well to
those determined jointly by the electrically stable/
metastable positions of water dipoles and the mini-
mum of Uy jocal- Specifically, near electrodes with o =
—0.16 C/m?, while water accumulation is favored at
two metastable positions (z ~ 0.32 and 0.46 nm), the
water density peak appears only at z ~ 030 nm
because Uy, jocal Of @ water molecule at z ~ 0.46 nm is
much less negative than that at z~ 0.32 nm (Figure 4d).
Similar scenario helps explain why, near electrodes
with ¢ = +0.16 C/m?, water molecules accumulate
mostly at z~ 0.30 nm since the minimum of Uy, jocai(2)
is located at z ~ 0.29 nm (Figure 4f).

The preferential accumulation of water near neutral
electrode surfaces is more complicated (Figure 4e): the
combination of the electrical field and U,y jocal could
explain why the first water peak occurs at 0.32 nm;
however, it is not clear why there is also a relatively
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large water peak at z~ 0.75 nm despite the fact that, at
this position, the absolute magnitude of the electrical
field is quite small and U,y jocal Of water molecules is not
very negative.

Thus far we focused on the energetics of water
molecules at different positions across the EDL. The
results in Figures 3 and 4 suggest that the energetic
effects dominate the distribution of water near mod-
erately charged electrodes. The entropic effects play a
less important role compared to the energetic effects
in the RTILs examined here,”’ but these effects will
become more important when the size of ions be-
comes smaller or comparable to that of the water
molecules. Such a situation has not been studied here
because most ions in RTILs are larger than the water
molecules. The energetics of water molecules, espe-
cially the interactions between water molecules and
their surrounding ions, are closely related to how ions
are distributed around each water molecule. Elucidat-
ing such structural details, which depend strongly on
the ions' geometrical and chemical characteristics,
helps us understand the energetics of ion—water
interactions and how the distribution of water inside
EDLs is affected by the nature of RTILs. Below, we focus
on the distribution of the aromatic protons (hereafter
denoted as aH) of the Bmim™ ion and the F atoms
of the PFs~ ions around the water molecules since
these highly charged moieties of ions interact most
strongly with the water molecules. Figure 5a shows the
radial distribution function (RDF) of aH and F atoms
around the oxygen atom of a water molecule in
bulk RTILs. The large first peak of both RDFs indicates
that a water molecule in bulk RTILs exists in a micro-
environment that is rich in highly polar moieties,
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Figure 5. Association of water molecules with highly charged moieties of ions. The radial distribution functions (RDFs) of the
cations' aromatic protons (red lines) and the anion's fluorine atoms (blue dashed lines) with respect to the water molecules'
oxygen atom in bulk [Bmim][PF] (a) and near electrodes with surface charge densities of —0.16 C/m? (b) and +0.16 C/m? (c).
The RDFs are obtained by dividing aH and F atom densities at distance r from the oxygen atom by the densities of aH and F
atoms in bulk RTILs. For oxygen atoms near the electrode surface, their RDFs do not approach 1.0 at large radial distance due

to the geometrical confinement by the electrode surface.>

which helps explaining the hygroscopic nature of
hydrophobic RTILs.

The water molecules near electrodes with o =
—0.16 C/m? exist in a quite different microenvironment
compared to that in bulk RTILs: each water molecule
within the first interfacial water layer (z < 0.35 nm) is
surrounded by more aH atoms but less F atoms
(Figure 5b). The enhanced access of water molecules
to the highly polar aH atoms likely has two origins.
First, near negative electrodes, the density of cations
is higher than that in bulk RTILs. Second, electrode
polarization induces a separation of cations and anions
in the interfacial region. Consequently, the water mol-
ecules in this region have better access to the cations'
highly polar moieties that tend to be blocked by anions
in bulk liquids. Specifically, in bulk liquids, PFs~ ions
occupy most of the space near the aromatic protons of
a Bmim™ ion because they can form hydrogen bonds
with them (each Bmim™ ion forms 1.46 + 0.04 hydro-
gen bonds with its surrounding PF¢~ ions). However,
near an electrode with o = —0.16 C/m?, each Bmim™
ion is surrounded by fewer PF¢™ ions and the number
of hydrogen bonds it formed with these PF¢ ™ ions also
decreases to 0.66 + 0.04. Therefore, water molecules
near the electrode surface have better access to
Bmim™ ions' highly charged moieties (e.g., the aH
atoms).

The above trend is reversed when the electrode is
polarized positively (Figure 5c). These results show that
varying the electrode charge (or equivalently, elec-
trode potential) can greatly affect the microenviron-
ment for water molecules near electrode surfaces, thus
explaining why the energetics and adsorption of water
near electrode surface can be varied greatly by manip-
ulation of electrode charge (see Figures 3 and 4).

Asymmetry of Water Electrosorption. Figure 2b shows
that the water adsorption on positive electrodes is
generally stronger than on negative electrodes with
the same magnitude of charge. As explained above,
such an asymmetry is due in part to the stronger
interaction of water molecules with the studied anions
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than with cations. Another factor that contributes to
the asymmetry is the different free spaces available to
water molecules near positive and negative electrodes.
Near positive electrodes, the rather spherical PF¢ ™ ions
approach the electrode surface to a distance of
~0.39 nm (Figure 3c). Since water molecules can
approach the electrode surface to a distance of
~0.35 nm, there is some free space between the
contact adsorbed PFs~ ions and the electrode surface
where water molecules can settle. Near negative elec-
trodes, the rings of Bmim™* ions approach the electrode
surface to a distance of ~0.33 nm (Figure 3a), and they
are almost parallel to the electrode surface (Figure S4).
Therefore, there is less free space between the elec-
trode surface and contact adsorbed Bmim™ ions for
water molecules to accumulate.

CONCLUSIONS AND OUTLOOK

In summary, using molecular dynamics simulation,
we studied how the small amount of water absorbed
in RTILs responds to the electrode polarization. The
results revealed that the enrichment of water near
electrodes as the surface charge density increases is
likely a universal phenomenon in EDLs formed by RTILs
with ions larger than water molecules. The type of ions
affects water accumulation, due to the difference of the
ion volume/shape and the “subtleties” of water—ion
interaction, but it will not change the concave shape of
the water accumulation versus surface charge curve,
although the symmetry of the curve does depend on
the type of ions.

We identified several factors that govern the water
distribution near electrodes in contact with humid
RTILs: (1) interactions between water dipoles and the
inhomogeneous electrical field within EDLs, which
tend to drive water molecules toward positions where
the absolute value of the electrical field reaches local
maximum; (2) the association of water molecules
with their surrounding ions, which favors stronger
accumulation of water molecules at positions where
they have better access to the highly charged moieties
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of ions; and (3) the availability of free space near the
electrode surface where ions could be densely packed.
The distribution of water near the electrode is a
synergistic effect of these factors. Each of these factors,
especially the ion—water association and availability of
voids near electrodes, depends directly on the size,
shape, intramolecular structure, and charge distribu-
tion of the ions. These factors are all affected by the
electrode polarization. These dependences are respon-
sible for the ion specificity of water electrosorption
and also help explain the asymmetrical dependence of
electrosorption on the polarity of the electrode.

The enrichment of water molecules in EDLs formed
in humid RTILs can potentially be detrimental to the
application of RTILs in electrochemical systems. The
water molecules adsorbed on the electrode surface will
likely go through electrolysis at voltage lower than the
voltage at which neat ionic liquids decompose. Prior
studies of RTILs with a moderate to large amount of
water (1—50% in volume) showed that electrolysis of
water is notable at —0.9 V and strong at —1.4 V.>*>*
Electrolysis at similarly low overvoltage likely will also
occur for RTILs with only a very small amount of water
(the situation considered in this work), although we
must note that the thermodynamics and kinetics of the
corresponding electron transfer reactions are big stud-
ies of their own which are yet to be performed.
Whether the electrolysis of water will effectively re-
move water molecules from RTILs and how the elec-
trochemical properties of RTILs will be affected by
water contents, however, will depend on the specific
situation.

If the electrochemical device operates as an open
system, electrolysis of water will not necessarily lead to
net decrease of the water content in RTILs or near the
electrode surface: new water molecules may get into
RTILs from the environment and become adsorbed on
the electrode. In this case, a continuous leakage current
would appear. For larger overvoltages, this process will
be controlled by the stationary concentration of water
at the electrodes. The exact value of overvoltage for the
electrolysis of such impurity water may be different for
different ionic liquids® because the kinetics of the
reaction may be controlled by various factors, such as
reorganization energy of the surrounding liquid, matrix
elements of transition, diffusion of water, and products
of electrolysis—all of these may change with a change
of an ionic liquid. On the other hand, the presence of
water may affect the electrochemical decomposition

METHODS

The MD system (see Figure 1a) consists of a slab of humid
RTILs enclosed between two oppositely charged electrodes.
Each electrode is modeled as three layers of graphene sheets
with an area of 5.54 x 5.66 nm> The graphene layers are
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of the ionic liquid ions, quite likely reducing the thresh-
old overvoltage for this process, but the effect may be
relatively minor. These expectations are qualitative in
nature and require systematic experimental validation,
but we believe that our study sets the avenues for
such tests.

If the electrochemical device is sealed, that is, no
water molecules can enter the device, different phe-
nomena may occur. Specifically, electrolysis of the
adsorbed water will lead to hydrogen and oxygen
evolution at electrode surfaces. Such gas evolution
can lead to an increase of the pressure inside the
device, and the gas bubble may block the pores of
porous electrodes. For supercapacitors, this issue is
usually addressed by implementing gas valves, which
lets some of the accumulated gases out but does not
let water get into the device from the atmosphere. An
alternative consequence is that the H" and OH™ ions
generated during electrolysis start reacting with ionic
liquids, changing their chemical composition, which
can also lead to degradation of the cell. However, if the
generation of the product of electrolysis of any kind
does not stall the process of capacitance charging, in a
closed system and without abundance of water (such
as in hydrophobic ionic liquids), all water molecules will
be digested and the system will become stable. There-
fore, only a transient leak current will be observed.

We hope that the findings reported here will serve as
a stimulus for systematic experimental investigations
of the water distribution in double layers by any
available in situ methods. The small-angle neutron
diffraction technique, exploiting isotopic substitution,
may provide the needed sensitivity, but it would
require very intensive neutron beams to be able to
see water deuterons at the background of all other
nuclei in RTILs. Two-dimensional infrared spectro-
scopy may also be tried. Promising for this purpose
may be surface enhanced infrared adsorption spec-
troscopy®' although it has to be limited to electrodes
made of “plasmonic” metals, such as gold or silver.
Regardless of what techniques are preferred by experi-
mentalists, we hope that this paper will trigger their
curiosity to check the predictions herein. If verified,
there will be a definite picture of where and how much
water molecules are adsorbed near polarized and
nonpolarized electrodes. The insights gained in this
work, with more systematic studies of issues such as
ion specificity of the electrosorption of water, may then
help manage water accumulation near electrodes.

arranged in AB stacking with an interlayer spacing of 0.34 nm.
Small partial charges are uniformly distributed among carbon
atoms of the two graphene sheets in contact with the humid

RTIL to create the desired surface charge densities. The distance
between the innermost layers of the two electrodes is 8.0 nm,
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which should be wide enough to ensure that the RTILs in the
central portion of the system are bulk-like (prior simulations
have shown that the EDLs formed by similar-sized RTILs have a
thickness <3 nm).**~*8 The expectation that RTILs in the central
portion of the system are bulk-like is corroborated by the
observation that, beyond positions 3.0 nm from the electrode
surface, the ionic space charge density is practically zero
(i.e., both cations and anions are distributed homogeneously)
and the electrical potential profile is flat (see Figure S6). The
electronic polarizability of the electrode and the image charge
effects are not taken into account in these constant-charge
simulations due to the significant computational cost asso-
ciated with constant-potential simulations. However, since prior
studies of the double layers in molten salts and RTILs indicated
that key thermodynamic aspects of double layers are captured
quite effectively in constant-charge simulations, such an ap-
proximate treatment of the electrode is deemed sufficient in the
present first study.>®>’

Two widely studied RTILs, [Bmim][PFs] and [Bmim][Tf,N]
(Figure 1b—d), were used to assess whether features of water
electrosorption observed in our simulations are generic to
hydrophobic RTILs with ions larger than water molecules. Both
all-atom force fields®® and coarse-grained force fields®® have
been used for the ionic liquid [Bmim][PFg]. All-atom force fields
were used for the ionic liquid [Bmim][Tf,N]. The SPC/E model
was used for the water molecules; carbon atoms in the elec-
trode were modeled using the force fields in ref 58. In general,
the electronic polarizability of water and RTIL molecules should
be accounted for by the most accurate description of their
interactions and dynamics. However, as prior simulations
based on nonpolarizable water/RTIL models have successfully
captured key features of the water—RTIL mixture, the force
fields adopted here are deemed adequate. In addition, separate
simulations, in which all water molecules in the humid
RTILs were removed, were performed to evaluate the effects
of water contamination on the capacitive properties of the
EDLs in RTILs.

Simulations were performed in the NVT ensemble using a
customized MD code Gromacs.®® The electrolyte temperature
was maintained at 333 K using the Nosé—Hoover thermostat.
The electrostatic interactions were computed using the PME
method. An FFT grid spacing of 0.1 nm and cubic interpolation
for charge distribution were used to compute the electrostatic
interactions in the reciprocal space. A cutoff length of 1.1 nm
was used in the calculation of electrostatic interactions in the
real space. The nonelectrostatic interactions were computed
by direct summation with a cutoff length of 1.1 nm. For each
simulation, the MD system was first simulated at 1000 K for 3 ns,
and the system temperature was gradually quenched to the
target temperature. After that, to reach equilibrium, the simula-
tion was first run for 30 ns and then a 120 ns production run
was performed. To ensure the accuracy of the simulation
results, each case was repeated three times with different initial
configurations.

Since the number of molecules in the humid and neat ionic
liquids is different, the pressure in these systems is different.
To assess whether pressure affects the electrosorption of water,
we reduced the number of ion pairs in the humid [Bmim][PF]
by 2% (thus reducing the pressure inside the cell). We found
that the enhancement of water near electrified electrodes is
similar to that observed in the original humid [Bmim][PFg]
(see Figure S7), indicating that pressure plays a minor role in
electrosorption in the present systems.
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