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Abstract

Mixtures of an ionic liquid with an organic solvent are widely used as electrolytes
in supercapacitors, where they are often confined in porous electrodes with pore widths
only slightly larger than the sizes of bare ions or solvent molecules. The composition
of the electrolyte inside these pores, which may depend on the pore width and choice
of electrolyte, can affect supercapacitor performance but remains poorly understood.
Here we perform all-atom molecular dynamics simulations of solutions of two different
ionic liquids in acetonitrile under confinement between graphene sheets forming slit
pores of various widths. We observe significant oscillations in the in-pore ionic liquid
mole fraction with varying pore width. Ions are excluded from very narrow pores, while
for pore widths that tightly fit a single layer of ions we observe an in-pore ionic liquid
mole fraction over three times greater than that in the bulk. At slightly larger pore
widths, we observe for different ionic liquids either a nearly complete exclusion of ions
from the pore or a slight depletion of ions, while ion population again increases as pore

width further increases. We develop an analytical model that can qualitatively predict



in-pore ionic liquid mole fraction based on the effective molar volumes and the pore
wall interaction energies of each species. Our work suggests a new avenue for tuning
the ionic liquid mole fraction in nanopores with potentially significant implications for
designing systems involving nanoconfined liquid electrolytes such as supercapacitors,

where in-pore ion population can affect charging dynamics.
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Introduction

Mixtures of an ionic liquid with an organic solvent yield a good balance of energy and power
performance when used as electrolytes in supercapacitors, due to their moderately high ionic
conductivities as well as operating voltages.? These electrolytes are typically confined in
the pores of carbon electrodes, where the confinement region is often smaller than 1 nm,
so that resulting pore sizes are only one or two times the diameters of bare ions or solvent
molecules.?®* Given such confinement, the in-pore composition of ions and solvent may be
expected to differ from the bulk,® but the molecular details of the partitioning of electrolyte
mixtures in very narrow nanopores are not well understood.

The composition of the electrolyte inside a nanoporous electrode can have a significant im-
pact on supercapacitor performance. In-pore ion population has been experimentally shown
to correlate with in-pore ion diffusion coefficients, which in turn can affect supercapacitor
charging rates.” Ionophobic pores (pores that contain very few ions at zero charge) are pre-
dicted to lead to enhanced power and energy density in supercapacitors with nanoporous
electrodes,® although such pores have yet to be observed experimentally.! Furthermore, ex-
periments have shown an “anomalous” increase in capacitance when average pore size is

reduced below 1 nm.”® Although this large increase in capacitance has been generally at-



tributed to desolvation of ions in very narrow pores,>%!? there have been few theoretical
studies of confined electrolyte mixtures containing a neutral solvent.?!! Existing models
have simulated electrolytes in disordered electrodes using coarse-grained molecular dynam-
ics (MD),? used continuum theories, ! or focused on aqueous electrolytes. !

Although theoretical work on highly confined liquid mixtures has been limited in the
context of supercapacitors, several publications in the 1990s reported oscillatory behavior of
the equilibrium composition of mixtures of different-sized spherical molecules as a function of
pore width, motivated by applications such as the use of zeolites for separations.'? !4 Indeed,
“superselectivity,” which is when a pore is highly selective for the smaller of the two spherical
molecules that can fit into it, was observed in both Monte Carlo simulations'® and a statistical
mechanical treatment of hard rod mixtures.'® A layer packing factor was introduced to help
explain the preferred molecular packing arrangements inside a pore.'? However, these models
have thus far been limited to simple systems such as spherical Lennard-Jones or hard sphere
molecules, '* and the literature in this area has not been well-connected with the recently
growing field of nanoconfined electrolytes for energy storage applications.

Here we perform all-atom molecular dynamics simulations of 1.5 M solutions of two ionic
liquids in acetonitrile (ACN) confined between graphene sheets forming slit pores of different
widths. Each carbon atom in the graphene sheets carries fixed zero charge. Figure 1(a) shows
a schematic of the simulated system, which is comprised of a bulk liquid reservoir in contact
with a narrow slit pore defined by two parallel graphene sheets, with perpendicular graphene
sheets as reservoir walls. The slit pore geometry used here has also been used previously
in other molecular simulation studies of nanoconfined electrolytes® and represents a simpli-
fied model of a pore in a nanoporous carbon electrode. Figure 1(b) shows the structures of
the species studied. The two ionic liquids in the present study differ in the anion; 1-ethyl-
3-methylimidazolium (EMIM™) is combined with either bis(trifluoromethylsulfonyl)imide
(TFSI™) or tetrafluoroborate (BF;). These liquids are chosen since they are commonly
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studied supercapacitor electrolytes,?!” and a concentration of 1.5 M is chosen for consis-
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Figure 1: (a) Schematic of our simulation setup, shown here for 1.5 M [EMIM*|[BF,]| in
acetonitrile and a pore of width of 0.84 nm. Acetonitrile, EMIM™, BF,, and wall carbons

are shown in green, red, blue, and gray respectively. Image was rendered using OVITO. 6
(b) Structures of the species comprising the studied liquids.

tency with published studies of ionic liquid-acetonitrile mixtures used as supercapacitor
electrolytes. 34

We study slit pore widths ranging from 0.76 nm to 1.32 nm, where the pore width w
is defined as the center-to-center distance between the graphene sheets comprising the pore
walls. This range of values is chosen to focus on the regime where the pore contains one or
two layers of liquid molecules. For each simulation, we characterize the equilibrium in-pore
ionic liquid mole fraction X, = L, where Ny, = %(NJr + N_) is the average number

No + N,

of ions and N, is the average number of solvent molecules in the pore, calculated using the
center of mass of each molecule. To reduce edge effects, we define the inside of the pore to

be the region to the interior of 1 nm from the pore mouth on each side [see Fig. S1 in the

Supporting Information (SI) for more information].
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Figure 2: In-pore ionic liquid mole fraction as a function of pore width, from MD simulations
(black circles) and theoretical predictions (red squares) for (a) 1.5 M [EMIM™||BF; | and (b)
1.5 M [EMIMT||[TFSI| in acetonitrile. The bulk ionic liquid mole fractions are shown as
green dotted lines for comparison. The standard deviations of the simulated data from block
averaging'® over 2-ns blocks are smaller than the symbol size, and uncertainties associated
with how the in-pore region is defined can be inferred from Fig. S1 in the SI.

Results and Discussion

Figures 2(a) and (b) show simulated in-pore Xy, for 1.5 M [EMIMT|[BF;] and 1.5 M
[EMIMT|[TFSI™| in acetonitrile respectively (black circles). For both mixtures, the sim-
ulated in-pore ionic liquid mole fraction exhibits a clear peak at w — 0.84 nm, which is
followed by a relative minimum near w = 1 nm and then an increase in Xy, for larger pore
widths. Figures S2 and S3 in the SI show top-down views of simulation snapshots of each
mixture confined in each pore.

For the narrowest pore width considered, our simulations show that for both liquids there
are almost no ions in the pore and the pore is almost entirely filled with solvent. For 1.5 M
[EMIMT][TFSI], this occurs because TFSI™ is too large to fit in the pore, as confirmed by a
separate simulation in which pure [EMIM™|[TFSI~| was unable to enter a pore of width 0.76
nm. On the other hand, a separate simulation showed that pure [EMIM™|[BF;| was able
to enter a pore of width 0.76 nm, so the depletion of ions in the mixture at this pore width

is driven not strictly by steric hindrance but rather by the relative energetic favorability of
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Figure 3: Center-of-mass number density profiles of each species across the width of the
pore for 1.5 M [EMIM™][BF}] in acetonitrile confined in pores of various widths. Dashed
vertical lines indicate the positions of the center planes of the pore walls.

filling the pore with acetonitrile.

For a pore width of 0.84 nm, in both mixtures we observe an over threefold greater ionic
liquid mole fraction in the pore compared to in the bulk. This occurs because a single layer
of ions is able to fit relatively well in a pore of this width, so that a greater fraction of
ions leads to a more favorable average in-pore energy density. At w = 0.92 nm, the two
mixtures behave quite differently, as will be discussed further below. When w = 1 nm or
1.08 nm, the ability of acetonitrile molecules to pack efficiently in two layers while the ions
can only form one loosely fitting layer contributes to the observed reduction in in-pore ionic
liquid mole fraction for both mixtures. Less depletion of ions is observed for the mixture
containing TFSI™ than for the mixture with BF, since the larger TFSI™ has a stronger
attractive interaction with the pore walls and may also be able to achieve a better fit in
these pores. Finally, as the pore width increases to 1.16 nm and higher, Xjj, increases again
for both liquids, driven by the relatively favorable energy density achieved in the pore by
two layers of ions compared to two layers of solvent, although the enrichment in ions at these
larger widths is much less pronounced than at w = 0.84 nm.

The center-of-mass number density profiles of each species across the width of the pore are
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Figure 4: Center-of-mass number density profiles of each species across the width of the
pore for 1.5 M [EMIMT][TFSI~| in acetonitrile confined in pores of various widths. Dashed
vertical lines indicate the positions of the center planes of the pore walls.

shown in Figs. 3 and 4 for 1.5 M [EMIMT|[BF;] and 1.5 M [EMIMT][TFSI| respectively,
clearly demonstrating the layered structure of the liquid in the pores. In both mixtures,
acetonitrile forms a single layer (reflected by a single peak in the number density) in pores
up to 0.92 nm in width and at least two layers in pores from 1 nm to 1.32 nm in width. The
ions, if present, form a single layer in pores narrower than ~1 nm and at least two layers in
the wider pores.

To help interpret the simulated data, we develop an analytical theory describing the
in-pore ionic liquid mole fraction as a function of pore width. Previously, classical density
functional theory approaches have been used to model the behavior of concentrated elec-
trolyte mixtures in confinement.!%%2° Here, for qualitative illustration we instead present
an approach based on Flory-Huggins solution theory?! and focus on modeling the volume-
averaged concentration of each species within the pore rather than attempt to describe the
spatial distribution of the molecular densities across the pore.

Let ¢; represent the average in-pore concentration of species ¢. We assume that elec-
troneutrality is obeyed overall in the pore, since the estimated Debye length of the considered

electrolytes is smaller than the effective molecular dimensions and we also observe in each




MD simulation that the magnitude of the total charge of the confined liquid per pore area is
less than 0.03 e/nm? (where e is the elementary charge). Thus, the average concentrations
of cations and anions, which here are both monovalent, are assumed to be equal inside an

uncharged pore, so we define the in-pore ionic liquid concentration as
anL =cp =c_ (1)

and the in-pore solvent concentration as cy.
The excess Gibbs energy density f;,; of a liquid inside a pore relative to bulk liquid can

be expressed as:

frot = Z Uic; + kgT Z ¢ In(cv;) + acouperron, | — Z pre.  (2)
i€{0,+,—} ic{0,+,—} i€{0,+,—}

Equation 2 represents the sum of the species-wall interaction energies, the entropy of mixing,
and the enthalpy of mixing (treating the liquid as a binary mixture of ionic liquid and
solvent for simplicity), relative to the Gibbs energy density of a bulk liquid.?? Here, Uj is the
average per-molecule interaction energy of species ¢ with the pore walls, v; is the effective
molar volume of species 7 accounting for molecular layering and packing behavior in the pore
(where vy, = vy 4 v_ is the effective molar volume of the ionic liquid), kg is Boltzmann’s
constant, 7" is the temperature, « is a mixing energy density parameter (proportional to the

2 and p° is the chemical potential of species

commonly used Flory-Huggins x parameter),
¢ in the bulk. All variables are functions of the pore width w except for kg, T, and p°, but
for brevity we will not explicitly write out functional dependences on w. For a discussion
on using total energy and per-area wall interaction energies instead of energy density and
per-molecule wall interaction energies, see the SI.

The equilibrium concentrations in the pore ¢; are then obtained by minimizing f;,; with

respect to the in-pore concentration of either species.?? The concentrations are related be-



cause the sum of the volume fractions of each species in the pore is equal to one:

covp + crLum = 1. (3)
1 —
Thus, using Eq. 3, we can first substitute ¢y = - ot into Eq. 2 and then set
Vo
dftot
0 = 22 4
dorr (4)
v
= Uy +U, +U_
Vo
V1L, V1L
—|—]{?BT 2 + IH(CILU+) + ln(cILv_) — U_ ln(l — CILU[L) — U_ + CEU[L(l — QCILUIL)
0 0
—Ap>
where
Ap® = p +p= — pg”—. (5)
Yo
For Ap®™ we use the bulk limit of Eq. 4:
Ap™ = kgT [2 + In(cpvy) + In(cgv™) — % In(1 — efoy) — % (6)
0 0

+avg (1 — QCfﬁvﬁf’)] ,

where ¢ and v° are the bulk concentrations and molar volumes of species i.
Separate bulk MD simulations of the pure liquids and 1.5 M ionic liquid mixtures are

used to estimate « via

AFE,,

= — 7
Uiz k?BT¢0¢IL ( )

where AFE,., = F,iz — FoXo— En,Xq, is the molar enthalpy of mixing; X;, F;, and ¢; are the

mole fraction, molar potential energy, and volume fraction of liquid ¢; and v,,;, is the molar



volume of the mixture. For simplicity we use this bulk value of a in Eq. 4 for all values of
pore width, although in a very narrow pore a would probably be less than that in the bulk
due to the lower liquid-liquid coordination numbers induced by confinement. Figures S4 and
S5 in the SI show that trends in the in-pore ionic liquid mole fraction remain qualitatively
similar for different values of Au™ and a.

To obtain predictions for the in-pore ionic liquid mole fraction X (w) = T U,

co+ o’
and v; are calculated from MD simulations as described in greater detail below,oand I]LEIq. 4
is solved for ¢y, numerically using a root-finding algorithm. Once ¢y, is obtained, ¢y can be
found using Eq. 3.

As shown in Fig. 2, the analytical theory (red squares) is able to reproduce the qualita-
tive behavior of the simulated Xy, well for both mixtures, although it tends to overpredict
the fraction of ions. We note that there may be significant uncertainty in our simulation
results with the highest in-pore ionic liquid mole fractions because the in-pore counts of each
species become limited due to the larger effective volumes of the ions and the slow in-pore
diffusion may mean steady state has not actually been reached at the simulated timescales.
Another possible source of discrepancy is that the analytical theory neglects changes in the
conformational entropy of the ions and solvent molecules upon confinement, which would be
expected to disfavor the presence of larger species (here, the ions) in the pores. Also, for
pores wide enough to fit at least one layer of solvent alongside one layer of ions, our estimates
for v; used as input into the theory may not accurately capture the packing arrangements of
mixtures since here v; were calculated from separate simulations of the pure liquids.

Overall, the good qualitative agreement between the analytical model and the simulations
suggests that the composition of liquid mixtures in very narrow pores is largely governed
by an interplay between the pore wall interaction energies and the effective sizes of each
species, which are in turn affected by their orientations and layering behavior in the pore,
as described in greater detail below. Although smaller species tend to experience a lower

magnitude of pore wall attraction, they can pack more efficiently in pores of certain widths,
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Figure 5: (a, b) Average per-species intermolecular interaction energy with the pore walls
as a function of pore width. Points are from MD simulations and curves are fits to Eq. S4.
(¢, d) Effective molar volumes v; normalized by bulk molar volumes v$°, for various pore
widths. (a), (c) are for 1.5 M [EMIMT][BF |, while (b), (d) are for 1.5 M [EMIM*|[TFSI~|.
The bulk molar volumes are shown above subplots (¢) and (d).

allowing “superselectivity” to occur under appropriate conditions. Consistent with earlier

reports,®!3 our results demonstrate that not only are differences in the effective sizes of the

species in a mixture critical for observing oscillations in in-pore mixture composition, but
the pore wall interactions of each species are also important.

Figure 5 shows the simulated values for U; and v; (points) used as input in Eq. 4. Figures
5(a) and (b) plot the average per-species intermolecular interaction energy with the pore
walls U;, extracted from simulations of 1.5 M [EMIM|[BF, | and 1.5 M [EMIM*|[TFSI"| in
acetonitrile respectively. The values for the ions at w = 0.92 nm in Fig. 5(a) were obtained
from a separate simulation of pure [EMIM™|[BF| since there were no ions in the pore for
the mixture at that pore width. As expected, larger species are generally more strongly
attracted to the pore walls, and the magnitude of this attraction generally decreases as the

pore becomes wider and each ion or solvent molecule on average resides further from the
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walls. We have also developed an expression for U;(w) in this regime of pore widths, as
described in the SI, and the curves in Figs. 5(a) and (b) are fits of Eq. S4 to the simulated
data. Excellent agreement is obtained, and fitted values for o; and ¢; are given in Table S1
in the SI. These values are reflective of the respective sizes and interaction energies of each
species with a single flat wall, demonstrating that Eq. S4 may be used to estimate U;(w)
for other species simply by knowing these effective Lennard-Jones parameters. U;(w) can in
turn be used in Eq. 4 to estimate X (w), if v;(w) is also known.

Figures 5(c) and (d) show v;/v° for each species i, with bulk molar volumes v{° shown
above each plot. Values of v; are calculated from separate simulations of pure acetonitrile

L,L,(w—o¢)

or pure ionic liquid in slit pores via v; = N , where L, and L, are the lengths
i

of the pore in the x and y directions respectively, o = 0.355 nm is used to approximate

the diameter of the wall carbon atoms, and the number of molecules /N; is calculating by
dividing the number of atoms in the pore by the number of atoms per molecule. No data
is shown for [EMIMT|[TFSI™| at w = 0.76 nm because that ionic liquid is unable to enter
such narrow pores. For the ionic liquids, after calculating v, +v_ from the MD simulations,
separate values for v and v_ are estimated by assuming vy /v_ = 4.63 for [EMIM™|[BF}]
and vy /v_ = 0.58 for [EMIM™|[TEFSI™|, which are based on previous estimates of the ion
diameters.!"?* The choice of v, /v_ has a negligible effect on theoretically predicted values
of Xi1..

Due to confinement within the narrow slit pores, the ions and solvent molecules adopt
layered configurations and preferred orientations, leading to variations in the effective molar
volume as a function of pore width. In Figs. 5(c) and (d), the relatively low values of
v;/ve® for each species at the narrowest pore width are a result of a single layer of molecules
lying flat against the pore walls and fitting tightly in the pore. The effective molar volume
increases to a maximum (at w = 0.84 nm for ACN, 0.92 nm for [EMIM*||BF;], and 1.0
nm for [EMIM*|[TFSI™]) as the pore becomes slightly wider than a single layer of flat-lying

molecules but not wide enough to accommodate either a single layer of molecules in another
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orientation or two layers of molecules, leading to inefficient packing in the pore. As the pore
width increases, the effective molar volume then decreases to a minimum as a tight fit is
again achieved, either by a single layer of molecules with their longer axis perpendicular to
the pore walls in the case of acetonitrile at w = 0.92 nm, or two layers of molecules flat
against the pore walls in the case of acetonitrile at w = 1.0 and 1.08 nm and the ionic liquids
around w = 1.16 nm or 1.24 nm. Finally, at higher pore widths the effective molar volume
increases again as the pore becomes larger than the minimum for two layers but not wide
enough to fit three layers.

Although the shape of the v;/v°(w) curves for acetonitrile in Figs. 5(c) and (d) strongly
resembles that of Xy, (w) in Fig. 2(a), we note that the effective molar volume of acetonitrile
is not the sole predictor of in-pore mixture composition. Figure S6 in the SI shows that
using bulk values for v; instead of effective molar volumes in Eq. 4 still leads to a peak in
theoretically predicted in-pore Xy, at w = 0.84 nm for both mixtures, although otherwise the
trends are no longer well predicted. Also, acetonitrile is present in both mixtures studied, but
at w = 0.92 nm, the value of Xy, differs significantly between the two mixtures. This suggests
that the lower magnitude of ion-wall attraction of BF, compared to TFSI™ contributes to the
observed depletion of ions in the 1.5 M [EMIMT|[BF, | mixture at w = 0.92 nm, highlighting
the importance of the values of each species’ pore wall interactions.

In Fig. 6 we plot the in-pore orientations of the acetonitrile molecules, characterized using
the average orientational order parameter (P;(cos6)) = (1(3cos?§—1)), where 6 is the angle
between the normal to the pore walls (the z-axis) and the dipole of the acetonitrile molecule,
here calculated as the vector between the sp® carbon and the nitrogen. (P(cosf)) = 1
((Py(cosf)) = —0.5) indicates that all of the acetonitrile dipoles are perpendicular (parallel)
to the pore walls, while (P2(cosf)) = 0 indicates that acetonitrile molecules are oriented
randomly, as they are in bulk liquid. For pore widths of 0.76 nm and 0.84 nm, the acetonitrile
dipoles are largely aligned parallel to the pore walls, as expected since the pores are too

narrow to fit a perpendicular orientation. For a pore width of 0.92 nm, the acetonitrile
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Figure 6: In-pore acetonitrile orientational order parameter (P(cos#)) as a function of pore
width w, for pure acetonitrile, 1.5 M [EMIM*]|[BF;], and 1.5 M [EMIM*|[TFSI"]. Points
are averages and error bars are standard deviations computed from simulation configurations
every 100 ps.

dipoles are primarily oriented perpendicularly to the pore walls, allowing a single layer of
acetonitrile molecules to efficiently fill the pore, explaining the relatively low effective molar
volume of acetonitrile at w = 0.92 nm in Figs. 5(c) and (d). At this width, acetonitrile is
relatively less perpendicularly aligned in 1.5 M [EMIMT|[TFSI™] than in pure acetonitrile or
the mixture containing BF , which is likely due to the higher in-pore ion population for 1.5
M [EMIM*|[TFSI™]. Finally, for pore widths of 1 nm to 1.32 nm, the acetonitrile dipoles
again orient parallel to the walls, with (Py(cos#)) approaching 0 as w increases and the
influence of the walls on the molecular orientations is reduced.

While direct comparisons of our simulation results with experiments are challenging due
to the distribution of pore sizes and shapes in disordered nanoporous carbons, nuclear mag-
netic resonance measurements have shown for 1.87 M solutions of [EMIMT|[TFSI™| in ace-
tonitrile that the ionic liquid mole fraction within the pores of the commercial activated
carbon YP50F was approximately 30% greater than in the bulk liquid.?® Given the pore size
distribution of YP50F,* our simulation results could potentially be used to help interpret

these observations, although it has also been found that only ~42% of the pore volume
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measured by nitrogen gas sorption was occupied by the electrolyte,?® so not all pores can be

2627 and X-ray

assumed to be accessible to the liquid. Surface force balance measurements
diffraction®® may provide other opportunities to experimentally probe liquid mixtures under

confinement and link simulations with experiments.

Conclusion

In summary, our all-atom MD simulations of ionic liquid-solvent mixtures confined in slit
nanopores have shown that the in-pore composition of an electrolyte mixture can vary signif-
icantly with pore width when pores contain only one or two liquid layers. These oscillations
in in-pore population are driven by an interplay between the packing of the species inside the
pore and the pore wall interactions of each species. For both 1.5 M [EMIM*|[BF;| and 1.5
M [EMIMT][TFSI™| in acetonitrile, the in-pore ionic liquid mole fraction ranges from nearly
zero to over three times its value in the bulk as pore width increases from 0.76 nm to 0.84
nm, before decreasing to a local minimum for pore widths near 1 nm and then increasing
again for wider pores. Strikingly, for the 1.5 M [EMIMT|[BF, | solution, ions are nearly
completely excluded from pores with widths near 1 nm, while for 1.5 M [EMIM*|[TFSI™]
there is only a slight depletion of ions. We developed an analytical model that qualitatively
reproduces the simulated results, demonstrating that the observed trend in in-pore liquid
composition can be theoretically predicted based on the effective molar volumes and attrac-
tive pore wall interaction energies of each species. Number density profiles of each species
across the pore as well as acetonitrile orientations as a function of pore width were also
characterized, confirming the significant in-pore structuring of these highly confined liquids.

Although here we have focused on slit pores, in practice, disordered nanoporous carbons
used as supercapacitor electrodes can have a variety of pore shapes and significant pore wall
curvature.® Monte Carlo simulations of mixtures of spherical particles have shown oscilla-

tions in the in-pore mixture composition in cylindrical and spherical as well as slit pores, '3
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suggesting qualitatively similar behavior for different degrees of pore curvature, but the ef-
fect of pore shape remains to be seen for the non-spherical species considered here. Also,
in many nanoporous carbons, liquid commonly wets both sides of the pore walls,! unlike in
our simulated system. Based on preliminary MD simulations we performed of several layers
of liquid-separated graphene sheets alongside a bulk reservoir, we expect that when liquid
is on both sides of the pore walls, the observed trends in in-pore mixture composition re-
main qualitatively similar, although in-pore compositions become closer to that in the bulk.
Finally, accounting for the polarizability of conductive pore walls using the more computa-
tionally expensive constant-potential method?*3% rather than the constant-charge method
may result in slightly higher in-pore ionic liquid mole fractions,3! but we expect observed
qualitative trends to remain the same, particularly since our systems involve uncharged pores
and steady-state conditions.

Our work demonstrates that in very narrow pores, not only is ion desolvation possible,
as previously suggested,®%!® but a considerable increase in ion solvation is also possible, so
that a wide range of pore ionophobicities or ionophilicities can in principle be achieved for a
single electrolyte mixture by simply varying pore width. In practice, non-negligible spread
in the pore size distributions of real materials is inevitable, and controlling in-pore mixture
composition by engineering pore geometry would undoubtedly be challenging. Nonetheless,
our simulations and analytical theory may be useful for informing the design of systems
involving nanoconfined liquid mixtures such as supercapacitors or separation membranes.
Additionally, although here we have not studied charged pores, our observations of large
variations in in-pore electrolyte composition with pore size may also potentially be relevant
to the “anomalous” capacitance increase observed in supercapacitors with subnanometer

8 since charging rates and mechanisms could be affected by pore width via differ-

pores,®
ences in initial ion populations, for example. Furthermore, our findings indicate that in-pore
electrolyte composition is likely to be highly heterogeneous in a real disordered nanoporous

electrode with a range of pore sizes. More broadly, given the existence of numerous possible
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combinations of miscible solvents and ionic liquids, each featuring different sets of molecular
sizes, shapes, and interaction energies, our results suggest potentially significant new oppor-
tunities for tuning the composition of liquid mixtures under confinement by tuning pore size

and molecular properties.

Methods

We perform all-atom MD simulations using GPU-accelerated LAMMPS (version 16 Mar.
2018),3273* and initial configurations for the liquid are generated using Packmol.?® The ions
are modeled using the all-atom OPLS-based force field of Ref. 36 with charges scaled by a
factor of 0.8, and acetonitrile is modeled using the force field parameters of Ref. 37 within
an OPLS force field form (see SI for acetonitrile parameters used). The Lennard-Jones
parameters for the carbon atoms of the pore walls are modeled with OPLS values of ¢ =
0.29288 kJ/mol and ¢ = 0.355 nm,® and a lattice constant of @ = 0.246 nm is used for the
graphene sheets. Long-range Coulombic interactions are calculated using a particle-particle
particle-mesh (PPPM) solver. A cutoff distance of 1.2 nm is used for the Lennard-Jones and
real-space Coulombic interactions, and a 1 fs timestep is used.

All charges on the pore wall atoms are fixed to zero, which neglects polarizability of the
pore walls.2°3! During equilibration in the NPT ensemble, the wall carbon atom positions
are fixed in space, while during the NVT simulations they are restrained using springs with
a spring constant of 332 N/m. Periodic boundary conditions are used in all directions.
The length of the simulation box is 5.96 nm in the y direction and ranges from 3.96 nm
to 4.52 nm in the z direction. The length of the slit pore in the = direction is 4.69 nm,
and we initialize the system with a total number of ions and solvent molecules such that
once the pore is filled the length of the bulk liquid in the x direction is at least 5.5 nm.
These dimensions were chosen to balance in-pore ensemble size with the need for significant

simulation times. During production simulations, there are on average 47 to 161 total ions

17



plus solvent molecules inside each pore (after discarding 1 nm from the pore mouth in each
direction).

The systems are initialized with bulk liquid adjacent to an unfilled pore. For the ionic
liquid-solvent mixtures, we then simulate the system in the NPT ensemble for 2 ns, during
which the pore spontaneously fills with liquid. The temperature is maintained at 300 K by
a stochastic velocity rescaling thermostat with a time constant of 100 fs, and the pressure
is maintained at 101.325 kPa by a Berendsen barostat coupled to the box length in the x
direction, while keeping the box dimensions in the y and z directions fixed, with a 1 ps

time constant and a compressibility of 0.4545 GPa™!.

Next, the system is equilibrated in
the NVT ensemble at a temperature of 300 K over a time ranging from 10 ns to 90 ns,
depending on the pore width. For some pore widths, a significant amount of equilibration
time is required for the in-pore liquid composition to reach steady state, since the mixture
composition inside the pore may change significantly after the initial rapid filling of the pore
(see Fig. S10 in the SI). Plots of the in-pore number density of each species as a function of
time are visually inspected to evaluate whether a system has sufficiently equilibrated. Finally,
production simulations are performed for 10 ns in the NVT ensemble. For simulations of
pure acetonitrile (pure ionic liquid) in confinement, we use the same procedure with at
least 2 ns (4 ns) of NPT equilibration, followed by 2 ns (5 ns) of NVT equilibration, and
then 4 ns (5 ns) of NVT production simulation. To obtain bulk molar volumes of each
species, we perform bulk simulations of pure acetonitrile or pure ionic liquid in the NPT
ensemble with 0.5 ns of equilibration using a stochastic velocity rescaling thermostat and
Berendsen barostat, followed by 1.5 ns of equilibration and then 2 ns of production simulation
using a Nose-Hoover thermostat and barostat. To estimate «, the molar potential energy is

calculated from 2 ns of NVT simulation of bulk pure or mixed liquids following 2 ns of NPT

equilibration.
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S1 Effects of varying in-pore region definition
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Figure S1: Simulated in-pore ionic liquid mole fractions calculated using different discarded
lengths g4 from the pore mouth on each side, for (a) 1.5 M [EMIMT][BF;] and (b) 1.5 M
[EMIM*][TFSI™] in acetonitrile. The same legend applies to both subplots. The value of
Tedge does not have a significant effect on the calculated in-pore ionic liquid mole fractions.
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S2 Top-down views of mixtures inside the slit pores

w=0.76nm w=1.08 nm
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Figure S2: Top-down view of acetonitrile (green), EMIM™ (red), and BF; (blue) in final
simulation configurations for 1.5 M [EMIM*][BF ] in acetonitrile. The slit pore confinement
region is in the center, and pore widths are (a) 0.76 nm, (b) 0.84 nm, (c) 0.92 nm, (d) 1 nm,
(e) 1.08 nm, (f) 1.16 nm, (g) 1.24 nm, and (h) 1.32 nm.
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Figure S3: Top-down view of acetonitrile (green), EMIM™ (red), and TFSI~ (blue) in
final simulation configurations for 1.5 M [EMIM*][TFSI] in acetonitrile. The slit pore
confinement region is in the center, and pore widths are (a) 0.76 nm, (b) 0.84 nm, (c) 0.92
nm, (d) 1 nm, (e) 1.08 nm, (f) 1.16 nm, (g) 1.24 nm, and (h) 1.32 nm.



S3 Effects on predicted Xy (w) of varying Au™, varying
a, using bulk molar volumes
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Figure S4: Theoretically predicted in-pore ionic liquid mole fraction for various values of
Ap® as a function of pore width (squares), along with data from MD simulations (black
circles), for (a) 1.5 M [EMIMT|[BF;] and (b) 1.5 M [EMIM*][TFSI~] in acetonitrile. The
same legend applies to both subplots. The predicted trend remains qualitatively the same as
Ap varies. Values used for Ap® in the main text, which were estimated from the bulk limit,
were -15.1 kJ/mol for 1.5 M [EMIM*][BF; ] and -11.4 kJ/mol for 1.5 M [EMIM*][TFSI~].
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Figure S5: Theoretically predicted in-pore ionic liquid mole fraction for various values of «
as a function of pore width (squares), along with data from MD simulations (black circles),
for (a) 1.5 M [EMIMT|[BF;]| and (b) 1.5 M [EMIM*][TFSI~] in acetonitrile. The same
legend applies to both subplots. The predicted trend remains qualitatively the same as «
varies. Values used for « in the main text were -8 nm~3 for 1.5 M [EMIM*][BF;] and -6

nm~? for 1.5 M [EMIM*|[TFSI].
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Figure S6: Theoretically predicted in-pore ionic liquid mole fraction as a function of pore

width using v; from MD simulations of liquids in confinement (red squares) or using constant
bulk molar volumes for v; (blue triangles), along with data from MD simulations (black
circles), for (a) 1.5 M [EMIMT][BF, ] and (b) 1.5 M [EMIMT][TFSI™] in acetonitrile. The
same legend applies to both subplots. The bulk ionic liquid mole fractions are shown as

green dotted lines for comparison.
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S4 Model for U;(w) for pores containing up to two liquid
layers

We develop an expression for the average per-molecule pore wall interaction energy U;(w)
for each species ¢ in the regime of pore width w where pores can accommodate up to two
layers of liquid molecules. The interaction energy between a molecule and a single flat wall
can be modeled by integrating the Lennard-Jones potential over half-space® to yield

v =2 (2 -3

where z is the distance of a molecule from the wall, ¢ determines the strength of the inter-
§) 1/6
2

(S1)

action energy, and o = ( Zmin, Where z,:, is the value of z at which U(z) achieves its
minimum value.

To model the total average per-molecule interaction energy with both pore walls, we
assume that for a pore sufficiently narrow to contain only one layer of liquid (that is, w < 20),
molecules reside at the center of the pore, while for 20 < w < 2042d, where d is the diameter
of the molecule, each molecule resides at a distance o from one of the pore walls. Thus, the

total average per-molecule interaction energy with the pore can be modeled by

4 2 7 Tl % ’ f <2
TE; | 7% -5 or w o;
45 \w/2 3 \w/2
2 1 2/ o \ 1/ a \
— 4+ = : — = : for 20; < 20; + 2d;.
153715 (w—ai) 3<w—al-)] Or 205 S W S 20i

Using o0; and ¢; as fitting parameters, we use nonlinear least squares regression to fit Eq. S2
to the values of U;(w) obtained from MD simulations, yielding the values in Table S1. We
have assumed that all of our simulations lie within the domain of applicability of Eq. S2.

(52)

Table S1: Values of o; and ¢; obtained by fitting Eq. S2 to simulated U;(w) for 1.5 M
[EMIM*][BF;] or 1.5 M [EMIM*][TFSI"| in acetonitrile. Fitting is done using nonlinear
least squares regression.

1.5 M [EMIM*][BF;]

1.5 M [EMIM*][TFSI-]

o; (nm) ¢&; (kJ/mol) o; (nm) ¢g; (kJ/mol)
ACN 0.42 9.0 ACN 0.41 9.3
EMIM* 0.43 22.7 EMIM* 0.42 23.7
BF, 0.47 6.3 TEFSI™ 0.47 24.8
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S5 Discussion of using total energy and per-area wall
interaction energy in the analytical theory
The total excess Gibbs energy of a liquid inside a pore relative to the bulk may be written

by summing the liquid-wall interaction energies and the Gibbs energy associated with the
liquid:

Gtot = A Z Uicivi (83)
1€{0,4+,—}
+Aw | kgT Z ¢ In(c;v;) + acouperon, | — Z e
ic{0,+,—} i€{0,+,—}

Here, A is the area of the slit pore, U; is the per-area pore wall interaction energy of species
1, and the other variables are as defined in the main text. Minimizing G, with respect to
the in-pore concentration of ionic liquid yields

0 — dG1o (84)

dCIL

= M0y + On)
w

() ()
+kBT 2+ IH(CILU+) + hl(CIL’U_) — E ln(l — CILUIL) - E + CW]IL(l — QCILUIL)

Vo Vo
—A >

which can then be used to obtain Xy, as described in the main text. Figure S7 shows U;(w)
for each liquid extracted from separate MD simulations of pure solvent or pure ionic liquid
in confinement. Figure S8 shows that Eq. S4 reproduces the qualitative behavior of the
simulations well when the actual values of U; at each pore width are used, but using a single
average value for U; for each liquid leads to poor predictions. The variations in U; with w are
due to the particular packing behavior of the in-pore molecules (reflecting the variations of
the effective molar volume v;), suggesting these effects play an important role in determining
the in-pore mixture composition.
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Figure S7: Per-area pore wall interaction energies of (a) acetonitrile, (b) [EMIM*][BF ],
and (c) [EMIM*][TFSI~]. The average values are shown as blue dashed lines.

1.5 M [EMIM*][BF; ] 1.5 M [EMIM*][TFSI™]
0.30 1 - using simulated U; 0.8 1 ,! M- using simulated U;
. I\ .
—k - using average U; 0.7 1 ] “ —k - using average U;
0251 g L bulk L o bulk
0.6 \ —-@- simulated

—@- simulated

-2
e

<) o
w wv
———_

~———_

-

o
[N}

ionic liquid mole fraction
o
-
w

ionic liquid mole fraction
o
B

0.1
0.00 4 0.0 A
0.8 0.9 1.0 1.1 1.2 1.3 0.8 0.9 1.0 1.1 1.2 1.3
(a) w (nm) (b) w (nm)

Figure S8: Theoretically predicted in-pore ionic liquid mole fraction as a function of pore
width using U; from MD simulations of each liquid in confinement (red squares) or using a
constant average value for U; (blue triangles), along with data from MD simulations (black
circles), for (a) 1.5 M [EMIMT][BF;] and (b) 1.5 M [EMIMT][TFSI™] in acetonitrile. The
same legend applies to both subplots. The bulk ionic liquid mole fractions are shown as

green dotted lines for comparison.
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S6 Force field parameters for acetonitrile

HC
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Figure S9: Atom types for acetonitrile force field.

To model acetonitrile, we used the force field parameters in Tables S2 and S3, where
atom types are defined as shown in Fig. S9.

Table S2: Force field parameters for atoms in acetonitrile.

atom mass (g/mol) charge (¢) o (nm) e (kJ/mol)
YN 14.007 -0.5126  0.301124 0.5569
YC 12.011 0.4917 0.354578  0.56107
CT 12.011 -0.5503 0.34 0.45773
HC 1.008 0.1904 0.26495 0.06569

Table S3: Force field parameters for bonds and angles in acetonitrile, where the bond energy

is £ = K,(r —rg)? and the angle energy is E = Ky(6 — 0,)*.

bond ro (nm) K, (kJ mol™! nm™)
YN-YC 0.1157 251040
YC-CT 0.1458 167360
CT-HC 0.109 142256

angle 0y (degrees) Ky (kJ mol~! rad=)
CT-YC-YN 180 334.75
HC-CT-YC 110 146.44
HC-CT-HC 109.5 146.44
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S7 Examples of time evolution of in-pore species counts
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Figure S10: In-pore count of each species as a function of simulated time, normalized by
each count at ¢ = 0. Here, t = 0 is the time at which the NVT simulations begin, after 2 ns
of simulation in the NPT ensemble. (a) 1.5 M [EMIMT|[TFSI"| in acetonitrile confined in
a pore of w = 0.84 nm requires 100 ns of simulation time to appear to reach steady state.
(b) 1.5 M [EMIM*][BF] in acetonitrile confined in a pore of w = 1 nm appears to exhibit
a plateau in in-pore populations within 40 ns.
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