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Abstract

Using quantum methods it was possible to build an atomistic force field for ionic liquids
interacting with a graphene surface. Density functional calculations of 1-ethyl-3-
methylimidazolium cation and thiocyanate anion interacting with a cluster of carbon
atoms representing a graphene surface were performed, at a series of distances and
orientations, using the BLYP-D functional. The DFT interaction energies were
successfully fitted to a site—site potential function. The developed force field accounts
also for the polarization of the graphene surface, therefore the use of induced dipoles to
reproduce the interaction energy between charges and a conductor surface is not
required. We report molecular dynamics results on the structure of the interfacial layer
of the ionic liquid 1-ethyl-3-methylimidazolium thiocyanate at a flat graphene surface
and inside of single-wall carbon nanotubes of different diameters, including analyses of
the positional and orientational ordering of the ions near the surface, and charge density
profiles. Both anions and cations are found in the first ordered layer of ions near the

surface, being the interfacial layer essentially one ion thick.
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Introduction

The fast-growing market for portable electronic devices, the development of hybrid
vehicles and the use of renewable energy sources demand new energy storage devices
with high energy density and high power density'. Supercapacitors store charge in
electrochemical double layers (EDLs) at the electrode/electrolyte interface, they can
deliver high power densities but exhibit much lower energy densities than batteries®”.
Supercapacitors have a long shelf and cycle life, and usually require low maintenance,
but their moderate energy density is a drawback for their widespread deployment.
Supercapacitors require an electrode with higher and more accessible surface area than
that of a conventional electrode, while maintaining high conductivity. Carbon-based
materials, including activated carbon °, carbon nanotubes”® (CNTs), and graphene®™* -
' have been widely used in electrochemical double-layer supercapacitors, owing to
their excellent physical and chemical properties. Graphene-based materials have a great
attraction, due to their mechanical and electrical properties, an their high surface area.
Electrochemical capacitors based on graphene materials could achieve a theoretical
specific capacitance of 526 F-g', at most in an aqueous electrolyte (the specific

capacitance is lower with organic electrolytes), if their entire surface area could be used.

Graphene-based materials can be easily obtained by simple chemical processing of
graphite. Zhu et al.* have synthesized, using chemical activation of exfoliated graphite
oxide, a porous carbon with a Brunauer-Emmet-Teller surface of up to 3100 m*g”" and
a high electrical conductivity. Cheng et al.'' described a graphene and single-walled
carbon nanotubes composite film prepared by a blending process for their use as
electrodes in high energy density supercapacitors, achieving high specific capacities and
energy densities with aqueous and organic electrolytes, but lower than the theoretical
limit. The low capacitance is related with the reduction of the specific surface area of
graphene, due to the restacking of graphene sheets during its processing as a result of
the strong sheet-to-sheet van der Waals interactions. El-Kady et al.? developed a new
strategy for the production of graphene-based electrodes, through an all-solid-state

approach based on the use of infrared laser, to avoid the restacking of graphene sheets.

Another important fact that influences the properties of a supercapacitor is the selected

16-20

electrolyte. Aqueous solutions are the more common choice °, even if they display a

narrow cell voltage and low energy density. The future development of multifunctional
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flexible electronics such as roll-up displays, photo-voltaic cells, and even wearable
devices presents new challenges for designing and fabricating light-weight, flexible

energy storage devices™ !

. Commercially available electrocapacitors consist of a
separator sandwiched between two electrodes with liquid electrolyte. Unfortunately,
these device architectures not only suffer from the possible harmful leakage of
electrolytes, but their design makes difficult to use them for practical flexible
electronics. The use of gelled electrolytes will reduce the device thickness and weight as

well as simplify the fabrication process, as no special packing material is needed.

Tonic liquids, organic molten salts with melting points below 373.15 K*2, have a high

potentiality as electrolyte® ** 2527

, as they have an intrinsic high electrical conductivity
The properties of ionic liquids can be tuned by selecting different combinations of
cation and anion. The number of available ILs can be easily and significantly increased
by considering their binary (yielding over 10" combinations) or ternary mixtures
(vielding over 10'® combinations). The properties of these mixtures should be easily
predictable once information regarding their pure components is available. Giving the
large number of ionic liquids that can be used as electrolytes in supercapacitors, it is not
possible to experimentally test the performance of all of them. Information at a
molecular level of the interaction of ionic liquids with graphene electrodes will provide
useful hints on the behavior of particular ionic liquids. Theoretical chemistry tools play
a very important role in allowing a better understanding of the interactions present in
complex media as ionic liquids near of graphene electrode surfaces. Solvation of
graphene electrodes in ionic liquids is governed by three kinds of molecular interaction:
ion-ion, graphene, and graphene—ion, all non-trivial and each offering its own
difficulties to description. Cummings and coworkers® highlight three different
requirements of the force field needed to describe the interactions between the graphene
surface and imidazolium-based ionic liquid: the conductive nature of the graphene
sheets, the potentially strong 7 — 7 interactions between the imidazolium cation and the
graphene, and the nanometer-sized heterogeneities observed in the bulk ionic liquid of
imidazolium-based ILs due to agglomeration of the non-polar alkyl chains. Several

29-33

studies considered a simple Lennard—Jones potential to describe the interactions

between the graphene (or graphite) electrode and the ionic liquid. Borodin and

34-38

coworkers introduce an important refinement in the force field, modeling the

electrode polarizability using flexible Gaussian distributed charges on the electrode, that
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were calculated iteratively subject to the condition of electrostatic energy minimization
at the imposed potential on electrodes. Using this approach, the authors were able to
model the capacitance enhancement observed in subnanometer slit-geometry nanopores.

%41 model the ionic liquid using a coarse—grain force field. For

Salanne and coworkers
the electrodes the authors use the method developed by Reed et al.*’, following the idea
of Siepmann and Sprik®, which consists of determining the charge on each electrode
atom at each MD step by requiring that the potential on this atom is constant and equal

to a specified value, meaning that the electrode will polarize in the same way as a metal.

In the present work, an atomistic description for both the graphene surface and the ionic
liquid was considered, providing a high level of detail regarding the interactions and
conformations, and a specific model was developed to describe the interactions of the
ionic liquid with the graphene surface, based on static quantum chemical calculations.
Using this model it was possible to simulate both graphene surfaces and single-walled
carbon nanotubes in contact with the ionic liquid [C,C;im][SCN] 1-ethyl-3-
methylimidazolium thiocyanate (Figure 1), an ionic liquid with a good performance as

electrolyte for solar cells applications aa-46,

Results

Interaction_model. Interactions within the ionic liquid were described by a

classical, all-atom force field*” specifically parameterized for the ionic liquid studied
here. This model uses fixed electrostatic charges; therefore polarization of the ionic
liquid is not specifically included. When calculating dynamic properties of ionic liquids
the lack of polarization is an identified drawback, although for equilibrium properties
and liquid-state structure the effect of inclusion of explicit polarizability is less
significant. Graphene surfaces can be accurately described with a Tersoff-Brenner

1 % that have been successfully used to describe mechanical

covalent potentia
properties of carbon nanotubes™. Nevertheless, for simplicity we have kept in a first

step the surfaces of graphene rigid.

We have developed in this work a specific model to describe the interactions of the
ionic liquid with the graphene surface, based on quantum chemical calculations, using a
similar procedure to that considered to describe the interactions of ionic liquids and

52, 53

metallic surfaces (Ruthenium nanoparticles’' and Iron surfaces®™ >*). Polarization of the

graphene surface by the ions was also taken into account, using a model originally
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developed for metal surfaces®®. The interaction model graphene-ionic liquid is one of
the main original contributions of the present work and will be described in some detail.
We have used Density Functional Theory (DFT) to determine the interaction energy of
the ionic liquid and a cluster of graphene, containing 216 carbon atoms, and terminated
at the border with hydrogen atoms. The hybridization state of all carbon atoms is sp’,
and the presence of the hydrogen atoms at the border was necessary to keep the cluster
neutral. The size of the cluster was considered large enough to avoid border effects. We
consider two different fragments of the ionic liquid, the 1-ethyl-3-methylimidazolium
cation [C,Ci;im]" and the thiocyanate anion [SCN]. Dispersion-corrected density
functional theory performs well to describe the interactions in systems containing ionic
liquids®>™’, and also dispersion interactions are important in 7=systems. We have used
in this work the BLYP-D*® *° functional which includes the empirical dispersion
correction D2 from Grimme®. A GGA functional was considered for the sake of

feasibility.

We carried our calculations using TURBOMOLE 6.0°', with the TZVP basis set®> ©
and the RI approximation®* ®. The basis set superposition error was corrected via the
counterpoise technique®. For a given orientation, the interaction energy at a given
distance of the closest atom of the molecular fragment from the graphene cluster is the
difference between the energy of the pair minus that of the isolated fragment and
graphene cluster. The potential energy surfaces are depicted in Figure 2 and 3 for the
cation and anion respectively. It is possible to observe the strong adsorption energy of
the anion and cation ranging from -30 kJ-mol™ for the [SCN] anion (see Figure 3) and it
can reach values up to -100 kJ'mol” for the cation (see Figure 2). For the cation, the
preferred orientation occurs when the cation lays flat at the graphene surface, reflecting
a strong m-m interaction. We present in Figures S1 and S2 of the Supplementary
Information a comparison of the interaction energies between the fragments of the ionic
liquid and the graphene cluster calculated by BLYP-D/TZVP (symbols) and those
calculated using a Lennard—Jones potential extensively used in the literature®®>* ¢/,
observing the important discrepancies. It is immediately apparent that the use of a
simple (and incorrect) interaction model will lead to erroneous results. We have fitted,
using a self-developed program, the results of the DFT calculations to an empirical n-m
(n=9, m=6) atom-atom interaction potential to be used in classical molecular dynamics

simulations on systems containing graphene surfaces and the ionic liquid. The hydrogen
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atoms in the cation were, for simplicity, not explicitly considered; therefore our
interaction model relies on the united-atom scheme, where several representative atoms
of the cation describe the interactions of the ion with the graphene cluster. The
interaction model represents correctly the potential energy landscape (Figures 2 and 3),
and the parameters obtained are given in the Supplementary Information. This model is
expected to describe accurately the interactions of the ionic liquid and graphene-based
surfaces, independently of the geometry, since it is essentially an atom-atom model, so
it could be applied to flat graphene surfaces, nanometer-size pores or carbon nanotubes.
To account for the polarization of the graphene surface by the ions we consider a

Drude-rod model®*

, where the polarizable atom is modeled by adding to each
polarizable atom a freely rotating dipole composed of two opposite charges, ¢ and —g,
constrained at a given distance /), and having a mass m. We have considered in this

work the values proposed by lori and Corni**.

Structure of the ionic liquid at a flat surface. We were interested in a first step

on the structure of the ionic liquid at a flat graphene electrode that corresponds to an
example of a supercapacitor, therefore, we have simulated a slab of the ionic liquid 1-
ethyl-3-methylimidazolium thiocyanate placed between two flat graphene surfaces
(Figure S3). The simulation box is a rectangular parallelepiped of dimensions LiL,L,
containing 1400 ion pairs of the studied ionic liquid, for a total of around 30000 atoms
in the simulated system. Periodic boundary conditions were applied in the three
directions of space. The direction normal to the surface of the ionic liquid was elongated
(250 A) so that the liquid slab occupies around 120 A in the middle with two equivalent
graphene-ionic liquid interfaces. The systems were simulated via molecular dynamics
using the DL_POLY classic® program at 423 K. Once the system was equilibrated for 2
ns, molecular dynamics runs of 2 ns were performed from which several thousand

configurations were sampled, yielding representative averages of structural quantities.

Figure 4 depicts the number density profiles of several representative atoms of both
cation and anion. The structural picture of Figure 4 corresponds with a strong layering
of the profiles of molecular density, charge, and electrostatic potential near of the

28,30, 33,36, 41, 42, 67 :
7525 2500 and experimental

graphene surface in agreement with recent simulation
studies™. We observe the existence of a strong adsorption layer of ionic liquid with a
thickness of ~4 to 5 A close to the graphene surface, where both cations and anions are

present. A second and a third adsorption layer are also observed, but the density profiles
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correspond to an isotropic liquid at distances around 20 A from the graphene surface.
Interestingly, such periodicity can be correlated with the results reported by Atkin,

Endres and coworkers’ '3

that have produced solvation force profiles for different ionic
liquids confined between the tips of an atomic-force microscope (AFM) and mica,
silica, graphite and metallic surfaces. Near of the surface there is an excess of positive
charge, followed by a region of negative charge and a new region of positive charge.
These fluctuations on the charge density confirm that both cations and anions are
located close to the graphene surface. Another quantity that can be determined from the
charge density plot is the potential of zero charge, defined as the potential drop within
the double layer for uncharged surfaces being for the IL [C,C,im][SCN] around -0.35
V. We observe that the representative atoms of the cation’s imidazolium ring, and the
side methyl and ethyl groups are present in the same region (See also Figure S4 of the

Supplementary Information). A clearer picture of the orientation of the ions can be

obtained using the second Legendre polynomial:

<P2(0)>=<% (3cos® 6 - 1)> (1)

In eqn (1), @is the angle between a specific direction vector in the molecule-fixed frame
and the direction normal to the surface, z. The Legendre polynomial functions enable us
to investigate the range and extent of orientation preferences at the interface. P,(6)
ranges from 1 to -0.5. A value of 1 implies that the two considered vectors are parallel,
whereas a value of -0.5 indicates that they are perpendicular. We have selected the
direction normal to the imidazolium ring and the vector connecting the nitrogen and
sulfur atom of the anion; we observe in Figure 5 that the imidazolium cation and the
thiocyanate anion prefer to lie flat on the graphene surface, a result consistent with the

density profiles presented in Figure 4.

We have checked the effect of including or neglecting the polarization of the graphene
surface, equivalent simulations were performed using the specific interaction model
presented in this work to describe the interactions between the ionic liquid and the

graphene, without considering the Drude-rod model**

. The density profiles are
presented in Figure S5 of the Supplementary Information, being the differences with the
density profiles presented in Figure 4 negligible. This result suggests that the specific

interaction model presented in this work is able to account until some extent for the
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polarization of the surface when a charge entity approaches the surface. This fact leads
to the conclusion that the development of a sophisticated interaction model using ab-
inito methods accounts for all kind of interactions present in the system. The use of ad-
hoc techniques constructed to represent specific effects, as in this particular case is the

polarization of the graphene surface on the simulated systems, is not necessary.

Structure of the ionic liquid inside of a carbon nanotube. In a second step we are

interested in the structure of the ionic liquid near of the inner surface of a single walled
carbon nanotube. Shim et al. "* showed that the external solvation of CNTs by benzene
is unaffected by the diameter of the nanotube. The structure of the liquid near of the
outer surface is expected to be similar to that close to a flat surface. A total different
picture can be expected when referred to the inner solvation, mainly when the diameter
of the CNT decreases. We have considered three different CNTs: (10,0), (15,0) and
(20,0), with diameters ranging from 14 to 27 A. The carbon nanotubes have a length of
300 A. The CNT was placed inside of a parallelepiped box with dimensions Ly = L, =
80 A. Periodic boundary conditions on the three directions were considered to use the
Ewald 3D method, a much more efficient method in terms of computational cost than
other methods to treat the long-range Coulombic interactions. The number of ion pairs
inside of each nanotube was calculated from the density of the ionic liquid at the

temperature of the simulations. For each CNT three different systems were settled:

1) The average mass density of the IL inside of the CNT is the same as the bulk
density of the IL.

ii) The average mass density inside of the CNT is 0.5 times the bulk ionic
liquid density.

1i1) The average mass density is 1.2 times the density of the bulk phase.

Each system was equilibrated for around 2 ns, after then production runs of 2 ns were

obtained, and the structure of the ionic liquid inside of the CNT was characterized.

The structural picture is presented in Figures 6 to 8 and also in Figures S6 and S7 of the
Supplementary Information. The structure of the studied ionic liquid inside of the CNT
of larger diameter is similar to the results presented in Figure 4 regarding the solvation
of a flat graphene surface. In the case of the (20,0) CNT, we observe clearly the
presence of strong adsorption layer at the surface of the nanotube, followed by a region

of low density and a second solvation layer. The structure of the IL in the center of the
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nanotube resembles that of an isotropic liquid. In the (15,0) CNT there are two solvation
layers, one near to the surface and the second one close to the center of the nanotube.
When the diameter of the nanotube is reduced, we observe only a strong layer of ions
near of the interface, and a region of low density in the center of the nanotube. The
presence of the CNT modifies strongly the structure of the ionic liquid, the free volume
in the IL is redistributed, and in the region near of the surface of the CNT there is a
strong local density of the IL, whereas a void region appears in the center of the
nanotube. This picture, with a strong adsorbed layer of ionic liquid at the inner surface
of the CNT, is more evident when the number of ion pairs inside of the CNT decrease
(see Figure 6). This situation can be achieved when the CNT is embedded in a mixture
of the ionic liquid and a volatile solvent, and the later is removed, leading to the
presence of a layer of IL near of the surface and a void in the center of the nanotube.
When the mixture of the IL and the CNT is placed in a reservoir, and given the
redistribution of the free volume in the ionic liquid, it seems possible that an excess of
IL will enter the CNT, being the density inside larger than the density of the bulk liquid.
Therefore, we have placed an excess of ionic liquid inside of the different CNTs (Figure
8), to analyze how the possible structure of the IL inside of the CNT is modified. We
observe that the main feature, also observed previously, a strong adsorbed layer near of
the inner surface, is kept. For the (10,0) CNT, we observe that IL is packed more
compactly close to the surface, and a second region of high density appears in the center
of the CNT. Therefore, even if the size of the IL studied here is small, we observe a
region where the local density is low. Increasing the size of the CNT makes it easy to
accommodate the excess of ionic liquid. For the (15,0) CNT we observe that the second
dense region placed in the center of the CNT is enlarged, being the structure of the IL
more disorder. A similar effect is observed in the case of the (20,0) CNT, the central
region presents a lower level of ordering, but still there are regions with low local
density. This result can have a large impact on the use of ILs as media for gas
sequestration, since a mayor problem for the efficient use of ionic liquids is the low size
of the cavities present. Placing the IL inside of a CNT will redistribute the free volume,
and it will favor the solubility of different gases. We observe from the density profiles
that for the different CNTs, the ionic liquids tend to stick to the surface, and also the

local density of the different atoms of the IL present a maximum in the same region.

Conclusions

10
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As a conclusion, we have developed an interaction model between an ionic liquid and a
graphene surface, being a mayor result of this work, as this model is generally
applicable independent of the shape of the surface. We observe that the ionic liquid is
strongly adsorbed at the graphene surface, independently of the geometry of the surface.
We observe the presence of several solvation layers near of the interface, in good
agreement with previous experimental results using AFM techniquesn’ 776 The ions
adopt a flat conformation at the surface, with both cations and anions near of the
surface, even if the results of the DFT calculations show stronger adsorption energy of
the cation. Structural effects appear when the IL is confined inside of a CNT. For
nanotubes of large diameter, we observe a region in the center that can resemble an
isotropic liquid phase, when the diameter decreases, the strong adsorption of the IL near

of the surface lead to a region of low density in the middle of the CNT.
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FIGURE 1

N

Figure 1. Molecular structure and labeling of the [C,C;im][SCN] ionic liquid. Please
note that the colors associated to each atom correspond to the colors used in other

Figures.
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FIGURE 2
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Figure 2. Interaction energies [C,Ciim]" — graphene as a function of separation z, for
several orientations of the cation. Lines represent the fit of the interaction energies to a

classical n-m analytical form (n=9, m=6) of the intermolecular potential between each

atom of the graphene cluster and representative sites in the cation.
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Figure 3. Interaction energies [SCN] — graphene as a function of separation z, for
several orientations of the anion. Lines represent the fit of the interaction energies to a

classical n-m analytical form (n=9, m=6) of the intermolecular potential between each

atom of the graphene cluster and representative sites in the anion.
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FIGURE 4
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Figure 4. A) Number density profile of individual atoms: C2 cation (blue), C7 cation
(black), C8 cation (green) and C anion (red). See Figure 1 for labeling. B) Variation of
the charge density along the direction normal to the graphene surface. C) Electrostatic

potential. The surface is located at z= -60 A; z=0 A represents the bulk IL.
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FIGURE 5
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Figure 5. Orientational ordering parameter. 0 is defined by the angle between the
direction vectors and the surface normal. Blue line: normal vector to the imidazolium

ring; red line: vector NS in the [SCN] anion.
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FIGURE 6
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Figure 6. Number density profile of individual atoms inside of A) (10,0) CNT; B)
(15,0) CNT and C) (20,0) CNT: C2 cation (blue), C7 cation (black), C8 cation (green)
and C anion (red). pent = 0.5ppui. See Figure 1 for labeling.
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FIGURE 7
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Figure 7. Number density profile of individual atoms inside of A) (10,0) CNT; B)
(15,0) CNT and C) (20,0) CNT: C2 cation (blue), C7 cation (black), C8 cation (green)

and C anion (red). pent = 1.0ppuik- See Figure 1 for labeling.
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FIGURE 8
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Figure 8. Number density profile of individual atoms inside of A) (10,0) CNT; B)
(15,0) CNT and C) (20,0) CNT: C2 cation (blue), C7 cation (black), C8 cation (green)
and C anion (red). pent = 1.2pbuik- See Figure 1 for labeling.
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Molecular simulation is used to explore the structure of an ionic liquid at a graphene
surface and inside carbon nanotubes.



