Downloaded via UNIV OF TOKY O on June 3, 2021 at 03:04:56 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCB

Nanoconfinement between Graphene Walls Suppresses the Near-
Wall Diffusion of the lonic Liquid [BMIM][PF]

Cheng Shao, Wee-Liat Ong,* Junichiro Shiomi, and Alan J. H. McGaughey*

Cite This: J. Phys. Chem. B 2021, 125, 4527-4535

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: We identify two distinct regimes for the diffusion of
the ionic liquid [BMIM][PF] confined between parallel graphene
walls using molecular dynamics simulations. Within 2 nm of the
wall, the cations and anions form a well-defined layered structure.
In this region, the in-plane diffusion coefficients are suppressed
when compared to their bulk values and increase monotonically
with the distance away from the wall. Beyond 2 nm from the wall,
the density profile and in-plane diffusion coefficients recover their
bulk values. The channel-averaged in-plane diffusion coefficients
increase monotonically with wall separation and recover the bulk
values at a separation of 15 nm. A simple semianalytical model is proposed that mirrors this trend. The results also highlight the
importance of applying a finite-size correction to molecular dynamics-predicted diffusion coefficients of confined liquids, which may

otherwise be unusually larger than their bulk values.

1. INTRODUCTION

Room-temperature ionic liquids (ILs) have attracted attention
in energy-related applications due to their unique bulk
properties.”” With their high viscosity, low vapor pressure,
high thermal and electrochemical stability, and high electrical/
proton conductivity, ILs are promising solvents for dye-
sensitized solar cells’™ and as stabilizing agents/interfacial
dopants in hybrid perovskite solar cells.°” ILs are also
deployed in energy storage devices such as lithium-ion
batteries” "' and electrical double-layer capacitors'*~" due
to their nonflammability and wide electrochemical stability
window. In such applications, ILs are often confined within
micro- and nanostructures,'®"” which affects their molecular
structure, their transport properties, and the device perform-
ance.

Experiments and modeling have probed the molecular
structure and transport properties of confined liquids,"®"* with
extensive work done on Lennard-Jones (LJ) argon (a toy
system)”””" and water.”””*® These studies identified non-
continuum characteristics that include confinement-induced
abnormal phase transitions,'®"’ s}z)atially varying density
profiles near confining surfaces,””*”> and enhanced mass
transport under a pressure gradient.”*>°

While experimental and modeling studies of bulk ILs have
revealed transport physics not found in simple liquids (e.g.,
bounded cation—anion diffusion””*® and molecular caging-
induced non-Gaussian transport””*°), results for confined ILs
are inconsistent.’’ > Using molecular dynamics (MD)
simulations of [DMIM][CI] confined between two parallel
smooth artificial walls, Pinilla et al. predicted a S0 to 100%
increase in the average in-plane diffusion coefficient for both
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the cation and anion compared to the bulk values.”’ The peak
enhancement occurred at a wall separation of 2.8 nm. This
finding contrasts with the results obtained by Rajput et al. for
[EMIM][TFMSI] confined between graphite walls separated
by 2.5 and 5.2 nm. From their results, we estimate that the
diffusion coeflicients were reduced to one third of the bulk
values.”” In a more recent study, Park and McDaniel found
that the diffusion coefficients of [BMIM][PF] and [BMIM]-
[BF,] confined between graphene walls separated by less than
S nm are 1 order of magnitude lower than the bulk values and
exhibit a maximum when the wall separation is 4 nm.”> They
attributed the nonmonotonic dependence to the coupling of
the two electrical double layers, which alters the local ion
correlations and dynamics. Contradicting modeling results
have also been reported for ILs confined in carbon nanotubes
(CNTs). Singh et al. found that the diffusion of [BMIM][PF]
inside multiwalled CNTs with the inner diameter ranging from
2.0 to 3.7 nm was suppressed as compared to the bulk case.”
Ghoufi et al. reported an enhancement of 2 orders of
magnitude in the diffusion coefficient of [C,MIM][TE,N]
confined in a single-walled CNT with a diameter of 2.6 nm.>

There are a number of possible origins for differences in the
simulated diffusion behavior of confined ILs. First, we note
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that the IL density in refs 31, 32, 34 were set to the
corresponding bulk value, while ref 35 did not report the
density. As a result, the system pressure in these studies, which
can influence diffusion, is unknown. Second, the enhanced
diffusion reported in some of the MD studies could be caused
by the drifting of the center of mass of the confined liquid.***’
How to account for this effect is still under debate.**™>° Third,
finite-size corrections to diffusion coefficients are not always
applied.”*>*> Fourth, as ILs typically have a large viscosity,
long simulations (e.g.,, greater than 100 ns) are required to
achieve a converged result.***** Otherwise, an overprediction
of the diffusion coefficient may occur.

Experimental measurements have also yielded contradicting
results.*”*> From nuclear magnetic resonance spectra line
widths in bulk and under confinement inside a monolithic
silica matrix, Bideau et al. concluded that the dynamics of
[BMIM][TFSI] experienced only a slight slow down at room
temperature.”” Tacob et al,, on the other hand, reported an
enhancement of 2 orders of magnitude in the diffusion
coefficients of [BMIM][BF,] confined in silica nanopores at a
temperature of 180 K.** In that study, the diffusion coefficient
was estimated using broad-band dielectric spectroscopy
measurements.

Motivated by the need for a deeper understanding of the
structure and.dynamics.of confined ILs, we herein describe
MD simulations designed to investigate the self-diffusion of an
L confined between two parallel walls. [BMIM][PF,] was
chosen based on its use in energy-related applications'”****
and the availability of experimental and modeling results.
Two graphene walls separated by 1.8 to 14.7 nm were used to
mimic the graphene-based electrodes in some applications.*”*°
Our results show that the effect of a graphene wall penetrates 2
nm into the channel, where it induces IL structuring and
impedes mass transport in the near-wall region. Beyond this
distance, the local structure and transport recover their bulk
nature. At larger wall separations, hydrodynamic self-
interaction and finite-size artifacts emerge, leading to a
larger-than-bulk in-plane diffusion coefficient that needs to
be corrected. We also propose a simple semianalytical model
that can predict the channel (i.e., spatially) averaged in-plane
diffusion coefficient based on the properties of the ions in the
near-wall and bulk-like regions.

The rest of the paper is organized as follows. In Section 2,
we describe the interatomic force field, the details of the MD
simulations, and the methodologies used to calculate the
density distribution, the molecular orientation, and the
location-dependent and spatially averaged diffusion coeffi-
cients. The bulk IL results are presented in Section 3.1, and the
results for the confined IL are presented in Sections 3.2. and
3.3. The findings are summarized in Section 4.

46—48

2. METHODS

2.1. Simulation Details. The structures of the [BMIM]*
(1-butyl-3-methylimidazolium, [CgH;sN,]*, 25 atoms), and
[PF4]™ (7 atoms) ions are shown in Figure la. The atomic
interactions were modeled using the OPLS-AA force field,>*
which is an all-atom potential that includes bond, angle,
dihedral, van der Waals, and electrostatic terms. The charge
and interaction parameters refined by Bhargava and Balasu-
bramanian®® were adopted for [BMIM]*, while the parameters
for [PEs]~ were obtained from Borodin et al’* The
electrostatic interactions were calculated using an Ewald sum
with a real-space cutoff of 1.0 nm and a reciprocal-space force
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L=3.8 nm

Figure 1. (a) Structures of the [BMIM]" and [PF(]~ ions. (b) IL
[BMIM][PF4] confined between two parallel graphene walls
separated by a distance H, which here is 4.0 nm. The system is
periodic in the y- and z-directions with dimension L = 3.8 nm. The
illustration was generated using ovITO.*!

tolerance of 107°.° For the confined systems, a vacuum gap of
10 nm was added adjacent to the graphene walls to avoid
interactions between replicas.”® The interactions between the
ions and the carbon atoms in graphene were described using
12—6 L] potentials with a cutoff of 1.2 nm. The carbon atoms
were charge-neutral and fixed to reduce the computational
cost.”>*” Park and McDaniel found no significant difference
when calculating the diffusion coefficients of [BMIM][PF]
and [BMIM][BF,] confined between graphene walls that were
either insulating (i.e., charge-neutral) or conducting (ie.
representative of an operating electrode).” The full form of
the force field and its parameters are provided in Section S1 of
the Supporting Information.

To build the simulation cell, an example of which is shown
in Figure 1b, 60 to 800 [BMIM][PF,] units were first
randomly placed into a rectangular box with one side of length
H (x-direction) and the other two sides of length L = 3.8 nm
(y- and z-directions) using PACKMOL.”” Two square
graphene sheets with side length L were then placed on the
two sides of the box normal to the x-direction. The MD
simulations were run using LAMMPS’® with a time step of 1 fs
and periodic boundary conditions in all three directions.

To achieve a zero-pressure configuration, we adjusted the
wall separation H in steps of 0.1 A. The pressure was calculated
over 1 ns in the NVT ensemble (i.e., constant number of
atoms, volume, and temperature) with a Langevin thermostat
at a temperature of 300 K. When the average pressure and its
fluctuations fell to 0 + 100 bar, we deemed the system to be at
zero pressure. The resulting zero-pressure wall separations for
10 different systems considered (differentiated by the number
of ions) are provided in Table S1.

Previous studies of ILs have suggested that a long simulation
time (~100 ns) is required to achieve statistically converged
results.***' To further relax/randomize the structure, we used
a “heating-quenching” approach,*' in which the system was
heated to a temperature of 400 K at a rate of 20 K/ns,
maintained at 400 K for 10 ns, and then quenched back to 300
K at a rate of 20 K/ns. During this process, the graphene walls
were fixed at their zero-pressure positions at 300 K with the
temperature controlled by the Langevin thermostat. After the
equilibration, we ran simulations in the NVT ensemble for
another 200 ns to collect data for the structural and diffusion
analyses. For all the location-dependent quantities, averaging
was done over symmetric locations across the center of the
channel.
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2.2. Data Collection and Postprocessing. 2.2.1. Dis-
tribution of Density, Charge, and Molecular Orientation.
The ionic density distribution in the x-direction was calculated
using a bin width of 0.2 nm. For [BMIM]Y, density
distributions are plotted for the centers of mass of the
imidazolium ring and the alkyl tail, while the density
distribution for [PF]™ is plotted using its center of mass.
The charge distribution was calculated based on the charge of
each atom using a bin width of 0.1 nm. As shown in Figure 1a,
we defined two vectors for analyzing the [BMIM]" orientation
distribution. The first is normal to the imidazole ring (v;), and
the other points from the ring center to the carbon atom at the
end of the alkyl tail (v,). An orientation angle 6 is defined as
the angle between either v, or v, and the vector normal to the
graphene wall. This angle is used to calculate an orientation
order parameter given by the second-order Legendre
polynomial P,(cos ) = 1.5 cos* @ — 0.5 using a bin width
of 0.2 nm.*”®° As [PF4]™ is spherically symmetric, we did not
quantify its orientation.

2.2.2. Diffusion Coefficient. From the Einstein relation, the
diffusion coefficient D in d dimensions can be calculated from
the slope of the mean squared displacement (MSD,
represented as X*) of a particle (or a collection of particles) as

2

D= 1 lim dX (2)

2d - dz (1)
where 7 is time. The bulk (d = 3) diffusion coefficient for each
species was calculated from a 5.9 nm cubic simulation box at
zero pressure that contained 600 [BMIM][PF,] units. For each
species j, its MSD is averaged over all ions N; of that same type

X, i (7) = z (I, (z) = 1, (0)F
I\El 1
+1r,(7) = 1,01 + I, .(z) = 1,.(0)F) 2)
Here, r,,(7) is the position of ion i in the a-direction (i.e., x, y,

or z) at time 7. The angular brackets denote an ensemble
average obtained using 150 different samples. Each sample
consists of a 50 ns window started every 1 ns for the first 150
ns of the 200 ns simulation.

To calculate the spatially averaged in-plane diffusion
coefficients (d = 2) for a wall separation H, D, i the confined
IL model described in Section 2.1 was used to obtain the in-
plane MSD from

N,
X,57(2) = %Z (@) = 1, (O)F
Ji

. .(0)F) 3)

The spatially averaged cross-plane diffusion coefficient (d = 1),
D, | b, was calculated from the cross-plane MSD as

Z<' (7) =

111

+ |ri,z(1) -

r (0)F)

Xj,J_,HZ(T) =
(4)
Because the momentum of the confined IL is not conserved
due to interactions with the wall, we subtracted the center-of-
mass displacement of the ions of species j when applying eqs 3
and 4.

Under parallel confinement, the in-plane dlﬂu51on coeflicient
can vary based on the distance from the wall.®’ A location-
dependent in-plane diffusion coefficient, D, ,, can be obtained
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by tracking the ions in layers parallel to the confining wall.*>®*

To do so, we partitioned the channel along the x-direction into
virtual layers, each with a width of 1 nm. This layer width is a
compromise between the spatial resolution and the resulting
uncertainty. We then counted the number of ions N, (7) that
originated and stayed in the layer centered at position x over a
time period 7. The survival probability P,.(z) of the ions in
that layer is then defined as®*

N (1)
P (1) =2
J,x(T) Z\T;,x(o) (5)

where N;(0) is the number of ions of type j in that layer at the
start time. As we will show in Section 3.3, the survival
probability can be fit using the sum of two exponential decays,
resulting in two time constants that are associated with decay
processes with distinct physical origins.

m]‘,x(f)

From the survival probability, the subset of ions
remaining in a layer centered at position x after time 7 is equal

to Pj,x(T)IVj,x(O)' The in-plane MSD required to calculate the
diffusion coefficient can then be calculated from
1
X, 20 = ———— > (i (2) — 1 (O)P
il iy iy
I\Tx(O)Px(T) ief}{)’x(‘;)
+ 11, () = 1, .(0)1) 6)

In evaluating eq 6, we subtracted the center-of-mass motion of
the species j ions within the layer.

To evaluate the above MSD equations, we used the real
particle displacements without accounting for the periodic
boundary conditions. The diffusion coefficient in eq 1 was fit
from the linear portion of the MSD.** The error bars in the
subsequent results are from the uncertainty in the postprocess-
ing fitting process. The spatially averaged diffusion coefficients
were extracted for times from 10 to 50 ns. For the location-
dependent diffusion coefficients, as the number of ions that
remain within a certain layer decays with time, Welextractedithe
diffusion coefficients for times from 0.5 to 2 ns.”” We estimate
that this choice leads to a 10% overprediction based on
convergence studies. See Figure S6 of the Supporting
Information for more details and the convergence study with
respect to the relaxation time and the time used for MSD
fitting.

2.2.3. Diffusion Coefficient Size Effects. Due to the long-
range nature of the hydrodynamic interaction, diffusion
coefficients calculated using a finite simulation box with
periodic boundary conditions will generally suffer from a finite-
size effect.”*®® This size effect arises from the truncation of
the long-wavelength modes and can lead to an underestimation
of the diffusion coeflicient for a fully periodic cubic box. A
typical way to compensate for this finite-size effect is to start
from the Navier—Stokes equation of an incompressible fluid to
obtain the Oseen tensor T of a finite periodic system and
compare it with that of an infinite nonperiodic system.’”%*
The difference between these two Oseen tensors is related to
the difference in the diffusion coefficient tensor (the correction
term AD) through AD = k3TAT, where kg is the Boltzmann
constant.”® For a cubic simulation box with })erlodlc boundary
conditions, Yeh and Hummer derived that®

Ekpy T
6mnL

(7)
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where D, is the corrected bulk diffusion coefficient, Dpp(L)
is the bulk diffusion coefficient from a periodic cubic box of
length L, 7 is the viscosity (see calculation details in Section
S3), and £ is a constant obtained from the Ewald summation
over the periodic images and is equal to 2.837 for a cubic
simulation box.*®

The finite-size effect for the diffusion coeflicient under
confinement is more nuanced. Here, the simulation box is
periodic in the in-plane directions but constrained by confining
walls in the cross-plane direction such that it is typically
noncubic. Beyond the abovementioned hydrodynamic effect,
an additional size effect arises due to the thermal fluctuations
of the liquid’s center of mass. This effect comes from the
nonconservation of momentum in the system due to the forces
exerted by the confining wall.***” These two effects typically
result in an overprediction of diffusion coefficients.’*™**
Analogous to the periodic cubic case, the finite-size effect
under parallel confinement can be obtained by comparing the
Oseen tensor of a parallelly confined system with a lateral
length of L to that of a bulk system.”® Simonnin et al. derived a
correction for the spatially averaged in-plane diffusion
coefficient for an elongated parallelly confined system to be**

kT|3In(1++v2) 7 H

Dy (H) = D, (H) +
lhoo(H) = Dy (H) oy 0 12

(8)

Here, D) ,(H) is the corrected in-plane diffusion coefficient
for a wall separation H and Dy, (H) is the in-plane diffusion
coeflicient of the confined simulation domain with a lateral
length L and wall separation H. The first term inside the square
brackets represents the self-interaction term and the second
term corresponds to the summation of hydrodynamic
interactions between the periodic images in the Fourier
space. Because we have subtracted the center-of-mass effect
when calculating the MSD,” eq 8 does not include the
additional term H/(24L?) inside the square brackets as
originally proposed by Simonnin et al.”® We did not apply
eq 8 to the location-dependent diffusion coefficient, which was
calculated using a 1 nm thick fluid layer, as the continuum
assumption behind the derivation of eq 8 may not be valid.**

3. RESULTS AND DISCUSSION

3.1. Bulk Properties. The bulk properties of [BMIM]-
[PF,] at a temperature of 300 K obtained from our simulations
and previous studies are summarized in Table 1. Our

Table 1. Density, Diffusion Coefficients, and Shear Viscosity
of Bulk [BMIM][PF] from Simulations and Experiments at
a Temperature of 300 K

diffu. coeff. (X107'% m?/s)

densit;r shear viscosity
(kg/m”) [BMIM]* [PE¢]~ (Pa-s) notes
1390 105+05 7705 0.14 + 0.01  MD (this
work)
1368 12.9 9.0 0.14 + 0.01  MD®
9.7 + 4.1 8.8 + 4.2 MD”®
1380 9.2 6.7 MDY
1389 6.7 4.7 MD**
6.9 5.2 experiment”’
1369 8.0 5.9 0.23 experiment*®
1362 0.21 experiment’*
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calculated density and shear viscosity (see details in Section
S3) are 1390 kg/m* (2.92 ions/nm’ for both [BMIM]* and
[PF¢]7) and 0.14 + 0.01 Pa-s, which compare well with
previous results.*”***” Our bulk diffusion coefficients calcu-
lated from a 5.9 nm cubic box at zero pressure and corrected
using eq 7 are 10.5 + 0.5 X 107> m*/s for [BMIM]* and 7.7 +
0.5 X 107'2 m?/s for [PF,]™. The correction term has a value
of +0.8 X 107** m?/s. This correction was not included in the
previous simulation studies, causing their diffusion coefficients
to be generally smaller than ours. Assuming that these previous
studies used a cubic simulation box with a side length of 3 to §
nm and a shear viscosity similar to ours (these data are not
available in those studies), a correction of 0.8—1.6 X 107> m?/
s would be added to their diffusion coeflicients. Factors that
may account for the remaining differences include the
difference in the force field used, the pressure of the simulation
box, and insufficient simulation time to obtain converged
results. Our predicted diffusion coefficients for [BMIM]" and
[PF4]” are around 30% larger than the experimental
measurements,*® as also found in other simulation studies,
which may be a result of the force field used. The reasonable
agreement between our bulk predictions and those of previous
studies gave us confidence to proceed with studying confine-
ment effects on [BMIM][PF].

3.2. Distribution of Density, Charge, and Molecular
Orientation. The ionic density distributions of [BMIM]* and
[PF¢]~ confined in a channel with a wall separation of 9.9 nm
are plotted in Figure 2a, with the bulk value plotted as a dashed
horizontal line. Both [BMIM]* and [PF¢]~ show a layered
structure with an oscillating density profile that decays to the
bulk value away from the wall. Similar layered structures are
found for other wall separations in this study (Figure S2) and
are commonly observed for confined liquids.”>”*~’® As the
graphene walls are charge-neutral, we attribute this near-wall
layered structure to the large electrostatic interactions between
the IL molecules in the presence of the weak van der Waals
wall-liquid interactions. The first dense layer modifies the
potential energy landscape for the surrounding ions, leading to
the formation of the second maximum. This effect propagates
but weakens with distance away from the wall. For both
[BMIM]* and [PF4]~, the density profiles become bulk-like at
a distance of 2 nm from the wall. We thus divided the confined
channel into two regions: the skin region, which has a
thickness of 2 nm (purple shading), and the bulk-like region
(yellow shading). As we will show in Section 3.3.1, the
transport properties also differ in these two regions. The
[PF¢]~ density profile exhibits larger oscillations than that of
[BMIM]*, which may be due to the combined effects of a
smaller van der Waals radius and a stronger interaction
strength with graphene.

Similarities in the locations but differences in the magnitudes
for the first density maxima and minima of [BMIM]* and
[PF¢]™ indicate a nonuniform charge distribution, as shown in
Figure 2b. The sharp peak at 0.4 nm is mainly contributed by
[PF¢]~. We note that the charge distribution forms near a
charge-neutral surface and is thus a consequence of the
layering effect. This behavior differs from the electrical double
layer that typically exists near a charged surface.”””® The
charge distribution creates a potential barrier, which may
impede ion exchange between the first density maximum and
minimum. While the density fluctuations persist up to 2 nm
from the graphene wall, the charge fluctuations return to their
bulk values by a distance of 1 nm. Beyond this distance, the

https://doi.org/10.1021/acs.jpcb.1c02562
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Figure 2. Distributions of (a) density, (b) charge, and (c) molecular
orientation of [BMIM]" and [PF¢]™ under confinement between two
graphene walls with a separation H of 9.9 nm. The two vertical dashed
lines at 0.4 and 0.8 nm mark an in-phase correlation between the
density, charge, and orientation distributions. For [BMIM], the
density profiles are plotted using the centers of mass of the
imidazolium ring (Ring) and the alkyl tail (Tail). The inset of (c)
shows the preferred orientation of [BMIM]" near the wall, where the
imidazolium ring and the alkyl tail are parallel to the wall. The purple
shading indicates the skin region, and the yellow shading indicates the
bulk-like region.

density extrema are slightly offset [Figure 2a] and the ions
screen one another.

To further elucidate the near-wall IL structure, the
orientation order parameter P(cos 0) for [BMIM]* is plotted
in Figure 2c. A value of 1 indicates that the chosen vector [v,
or v, in the inset of Figure 2c] is perpendicular to the graphene
wall while a value of —0.5 indicates that this vector is parallel to
the graphene wall. Note that v; and v, are perpendicular to
each other. As shown in Figure 2¢, the [BMIM]" ions have a
preferred orientation at a distance of 0.4 nm from the wall that
coincides with the first density maximum. This result indicates
that the [BMIM]" ions tend to orient with their imidazolium
ring and the alkyl tail parallel to the graphene wall, as
illustrated in the inset of Figure 2c. In this orientation,
[BMIM]" achieves a maximum binding energy of 0.6 eV with
the graphene wall (Figure S3). Similar preferred orientations
have been observed for other imidazolium ring—containing
cations in vibrational spectroscopy experiments.”” Preferred
orientations are also observed at distances of 0.8 and 1.2 nm
from the graphene wall, which also coincide with the density
maxima.

3.3. Diffusion Coefficients. 3.3.1. Location-Dependent.
The structural properties plotted in Figure 2a-c suggest
location-dependent dynamics in confined [BMIM][PF]. The
dense layer and potential barrier in the skin region should
hinder the ionic dynamics through dimensional restriction,”"”®
which lengthens an ion’s residence time in a layer. To test this
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hypothesis, we used eq 5 to calculate the survival probability of
the [BMIM]* and [PF4]™ ions as a function of the distance
from the wall. The number of ions that remains in a layer
decreases with increasing time. The corresponding decay rate
reflects the likelihood of an ion leaving at a certain time. We
find that the survival probability for each ion type can be
described using the sum of two exponential decays in the form:

f(6) = aexp™" + bexp™'" O)

where g, b, the fast decay time constant 7; and the slow decay
time constant 7, are fitting parameters.*””' The fitting results
for a wall separation of 14.7 nm are plotted in Figure S4. This
functional form was also used by Feng et al. to extract the
residence time of free and bound ions in bulk [BMIM][PE].*®

The fast decay time constant represents the timescale
required for an ion to escape from the cage formed by its
neighbors.”’ It is 0.15 + 0.05 ns in all the layers for all wall
separations (Figure SS). The slow decay time constant
represents the timescale for an ion to escape a layer and will
be directly affected by the local density. It is plotted for both
ions for wall separations of 9.9 and 14.7 nm in Figure 3a,b. At a
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Figure 3. Slow decay time constants of (a) [BMIM]" and (b) [PF,]~
and layer-dependent in-plane diffusion coefficients of (c) [BMIM]*
and (d) [PF4]™ in channels with wall separations of 9.9 and 14.7 nm.
The horizontal dashed lines are the corresponding bulk values. The
gray-shaded region represents the uncertainty in the bulk values. The
purple shading indicates the skin region, and the yellow shading
indicates the bulk-like region. We did not apply the finite size
correction [eq 8] for the location-dependent diffusion coefficient in
(c,d), which may explain the slightly above-bulk prediction away from
the wall.

distance of 0.5 nm from the wall, the slow decay time constant
is ~15 ns, which is 2 orders of magnitude larger than the fast
decay time constant. Consistent with the decay of the density
maxima and minima values to the bulk values shown in Figure
2a, a similar behavior is observed for the slow decay time
constant. For both [BMIM]* and [PF]", the slow decay time
constant decreases monotonically with increasing distance
from the wall and reaches the bulk value at around 2 nm. The
slow decay time constants for [BMIM]" and [PF4]~, which are
on the order of nanoseconds, are large when compared to the
picosecond values found in liquid L] argon near a solid wall.**
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The longer time constant results from the strong electrostatic
interactions and the complex molecular geometry of [BMIM]-
[PF,], which sterically hinders the ionic motions.

The slow decay time constant is closely related to the
diftusion properties. As shown in Figure 3c¢,d, the location-
dependent in-plane diffusion coefficient for both [BMIM]" and
[PF]™ increases with increasing distance from the wall until
the bulk value is reached at a distance of 2 nm. Comparing
Figure 3c¢,d to 3ab, it is clear that larger slow decay time
constants correspond to lower diffusion coefficients. The
transition at 2 nm seen in Figure 3a—d is consistent with those
in the density, charge, and orientation distributions shown in
Figure 2a—c. This consistency further validates our decision to
divide the channel effect into the skin region, where
confinement effects are present, and the bulk-like region.
The location-dependent slow decay time constant, which can
be easily obtained from the survival probability [eq 5], can
serve as a criterion to determine the skin thickness.

3.3.2. Spatially Averaged. Experimentally, a spatially
averaged in-plane diffusion coeflicient, instead of the
location-dependent values, is more readily accessible. We
calculated the spatially averaged in-plane values using eq 3, and
the results are plotted in Figure 4a,b as a function of the wall
separation as open circles. The data increase monotonically
toward the bulk value and then exceed it, without reaching a
constant value. By applying the correction given by eq 8, we
obtain the diffusion coeflicients plotted as solid stars, which
reach a constant value that falls within the uncertainties of the
bulk values for wall separations greater than 15 nm. In studying
[BMIM][PF] confined between graphene walls separated by
less than S nm, Park and McDaniel observed a local maximum
in the diffusion coeflicient at a wall separation of 4 nm, which
they attributed to the coupling of the two electrical double
layers.”® We do not observe such a local maximum, which may
be due to our coarser resolution of the wall separation.

With the insight gained from the location-dependent
diffusion coeflicients, we explore the possibility of estimating
the spatially averaged in-plane diffusion coeflicient in a
confined system by using a weighted average of the average
diftusion coefficients in the skin and bulk regions. Based on
Figure 3c,d, we assume that the location-dependent diffusion
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coeflicient increases linearly from zero to the bulk value within
the skin thickness. Beyond the skin thickness, we take the
diffusion coefficient to be equal to the bulk value. Based on this
dual-regime (DR) description, we propose to calculate the
spatially averaged in-plane diffusion coefficient from

H
—Dy i for H < 2d
Dy o (H) = 4d
ILDR b4

TDbulk: for H > 2d (10)
where d is the skin thickness. The resulting predictions are
plotted in Figure 4a,b. Compared to the corrected in-plane
diffusion coeflicients from the MD simulations, the predictions
from eq 10 overpredict the diffusion coeflicient for wall
separations less than 10 nm but underpredict above that. The
overall trend from MD is well-captured by eq 10 with the
largest deviation of ~20% for a wall separation of 5 nm. The
larger deviations at the small wall separations may be because
the location-dependent diffusion coeflicients used in eq 10 are
calculated from a subset of the ions in a thin layer.

Wang and Hadjiconstantinou used a similar analytical
approach to evaluate the in-plane diffusion coeflicient of L]
argon under confinement and found good agreement with their
MD simulation results.”* In their model, they assumed that all
fluid particles outside the first-layer region (defined as the
region beyond the first peak in the density profile; see Figure
2a) exhibit the bulk diffusion coefficient, leading to

2dg;,
H

2d,
FL) + DFL
H (11)

where dg; is the thickness of the first-layer (FL) region and Dy
is the diffusion coeflicient in the FL. We denote eq 11 as the
FL model. Based on Figure 2a, dy is taken as 0.6 nm for both
ions. Dy is estimated to be 5 X 107> and 3 X 10™'2 m?/s for
[BMIM]* and [PF4]~ from Figure 3c,d, The predictions from
eq 11 are plotted as dotted lines in Figure 4a,b. Compared to
our DR model [eq 10], the FL model significantly overpredicts
the diffusion coeflicient for small wall separations but agrees
better with the MD results when the wall separation is larger
than 15 nm. The larger deviation of the MD results with the

Dy g (H) = Dbulk(l -
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FL model at smaller wall separation indicates that the
confinement effect penetrates beyond the first density layer,
which is better captured by our DR model. Still, the difference
between the two analytical models and the MD results suggests
that while a simple model can qualitatively capture the overall
trend of the spatially averaged in-plane diffusion coeflicient
under confinement, finer fluid dynamics details must be
included to achieve better quantitative agreement.

The spatially averaged cross-plane diffusion coeflicients are
plotted in Figure 4c. The cross-plane values are lower than the
corresponding values in the in-plane direction, except for the
extreme confinement scenario of 1.8 nm. Even for the largest
wall separation considered here of 19.5 nm, the spatially
averaged cross-plane diffusion coefficients are around 15%
lower than the bulk values. Based on the observed trend, we
estimate that a wall separation of at least ~30 nm will be
required for the cross-plane diffusion coeflicients to recover
their bulk value.

4. CONCLUSIONS

We investigated the structure and dynamics of the IL
[BMIM][PF] confined between two parallel graphene walls
using MD simulations. We identified a critical length scale of 2
nm (ie., the skin thickness) within which nonbulk character-
istics are present. Ions in the skin thickness form a layered
structure [Figure 2a] with preferred orientations [Figure 2c],
creating an electrostatic potential barrier [Figure 2b], and
exhibit larger slow decay time constants and smaller diffusion
coefficients [Figure 3a—d]. For ions beyond the skin thickness,
their structural and dynamical properties are bulk-like. This
dual diffusion regime description suggests that a simple
weighted average equation may be appropriate for estimating
the spatially averaged in-plane diffusion coefficient [Figure
4a,b]. The raw MD data overpredict the in-plane diffusion
coefficient, a bias that arises from a combination of the
hydrodynamic interaction of periodic images and movement of
the IL’s center-of-mass. The corrections given by eq 7°° and
8" are required to obtain physically meaningful results. Also of
critical importance are careful selection of the system size to
establish a zero pressure and sufficiently long simulations to
ensure relaxed structures and converged statistics.

Our results provide clear evidence that the location-
dependent in-plane diffusion coefficients are smaller than the
bulk value within 2 nm of the graphene wall and approach the
bulk values beyond this distance. After applying the corrections
given by eqs 7 and 8, no enhanced diffusion coeflicients when
compared to bulk values are detected anywhere in the channel.
We note that in previous MD studies on confined ILs showing
enhanced diffusion,>"** such a correction is not applied, which
may partly contribute to their conclusions. Our results suggest
that when using ILs in an energy-conversion nanodevice, one
needs to consider the confinement-induced suppression in
diffusion coeflicient when the confining feature size is less than
O (10 nm). Our proposed diffusion model can qualitatively
and quantitatively capture such nanoscale diffusion behavior of
ILs. As most energy-conversion devices employing ILs will
have ILs confined in nanopores or nanostructures near the
electrode surfaces, our nanoscale diffusion results will facilitate
their design, fabrication, and solution processing.
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