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Room-temperature ionic liquids (ILs) are an emerging class of electrolytes for supercapacitors.
We investigate the effects of ion size and electrode curvature on the electrical double layers
(EDLs) in two ILs 1-butyl-3-methylimidazolium chloride [BMIM][CI] and 1-butyl-3-
methylimidazolium hexafluorophosphate [BMIM][PFg], using a combination of molecular
dynamics (MD) and quantum density functional theory (DFT) simulations. The sizes of the
counter-ion and co-ion affect the ion distribution and orientational structure of EDLs. The EDL
capacitances near both planar and cylindrical electrodes were found to follow the order:
[BMIM][CI] (near the positive electrode) > [BMIM][PFg] (near the positive electrode) ~ [BMIM][CI]
(near the negative electrode) ~ [BMIM][PF] (near the negative electrode). The EDL capacitance
was also found to increase as the electrode curvature increases. These capacitance data can be fit
to the Helmholtz model and the recently proposed exohedral electrical double-cylinder capacitor
(XEDCC) model when the EDL thickness is properly parameterized, even though key features of
the EDLs in ILs are not accounted for in these models. To remedy the shortcomings of existing
models, we propose a ““Multiple Ion Layers with Overscreening” (MILO) model for the EDLs

in ILs that takes into account two critical features of such EDLs, i.e., alternating layering of
counter-ions and co-ions and charge overscreening. The capacitance computed from the MILO
model agrees well with the MD prediction. Although some input parameters of the MILO model
must be obtained from MD simulations, the MILO model may provide a new framework for
understanding many important aspects of EDLs in ILs (e.g., the variation of EDL capacitance
with the electrode potential) that are difficult to interpret using classical EDL models and

experiments.

1. Introduction

Room-temperature ionic liquids (ILs) have attracted significant
attention in fundamental and applied research in recent years.
The extensive interest is in part due to their wide electro-
chemical windows, excellent thermal stability, non-volatility,
relatively inert nature, and good ionic conductivity, which make
ILs exceptionally useful in diverse electrochemical devices.! In
particular, ILs are a promising candidate as electrolytes in
electrical double layer capacitors (EDLCs, also called super-
capacitors). EDLCs constitute an attractive class of energy
storage devices owing to their high power density, excellent
durability, and good performance at relatively low tempera-
ture.>® Since EDLCs store energy physically in the electrical
double layer (EDL) near the electrodes, it is necessary to
develop a detailed understanding of EDLs at the interface
between ILs and electrodes to optimize their use in EDLCs.
ILs are composed exclusively of organic cations and
organic/inorganic anions.*> The nature of cations/anions
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plays a key role in determining the physicochemical properties
of ILs, and consequentially affects the structure and capaci-
tance of EDLs in ILs. The structure and capacitance of EDLs
in ILs have been studied by several research groups recently.®
For example, Pinilla and co-workers investigated the mole-
cular arrangement of [DMIM][CI] near electrified walls.’
Fedorov and Kornyshev studied the EDLs in ILs modeled
by charged Lennard-Jones spheres and found that the cation/
anion size asymmetry affects the trend of differential
capacitance.® Using molecular dynamics (MD) simulations,
we examined the EDLs in [BMIM][NO3;] near planar electro-
des and found that the correlation between anion and cation
played a key role in determining the ion distribution and the
EDL capacitance.” Sedev and colleagues found experimentally
that the differential capacitance increased in the order
[HMIM][C]] < [BMIM][C]] < [EMIM][CI] due to the
different cation sizes.'® These studies improved the under-
standing of how the nature of ILs affects the EDL. However,
a systematic molecular level study of how ion size affects the
EDL structure and capacitance is still lacking at present. In
addition, up to now, a detailed atomistic study of the influence
of electrode curvatures on the EDLs in ILs has not been
reported yet.

A fundamental understanding of the effects of ion size and
electrode curvature on EDLs in ILs can benefit from a realistic
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model of EDLs, and vice versa. Currently, the most widely
used model is the Helmholtz model, in which the IL-electrode
interface is hypothesized to be one ion-layer thick."" Although
this model seems to be supported by some experimental
characterizations of EDLs, most MD simulations suggest that
alternating layers of counter-ions and co-ions penetrate deep
(>1 nm) into the electrolyte.”!*!* More advanced models,
e.g. the ones proposed by Kornyshev'® and Oldham,"
assumed that the EDLs in ILs are made of a Helmholtz-like
inner layer and a “‘diffusive” outer layer. Although these
elegant models capture the structure of EDLs better, and
can predict qualitatively the experimentally observed
capacitance—potential correlations, they are mostly mean-field
theories and cannot depict some key aspects of EDL in ILs,
e.g. alternating layering of counter-ions and co-ions and the
overscreening of electrode charge in the EDL.'®!”

The goal of this work is to establish how the ion size and
electrode curvature influence the microstructure and
capacitance of the EDLs at IL/electrode interfaces. To this
end, we used both classical MD and first-principles methods to
model ILs and planar/cylindrical electrodes with chemical
details. The results indicate that anion size and electrode
curvature play an important role in the cation distribution in
EDLs and that charge overscreening is a universal feature of
EDLs in ILs. Following these results, we further develop a new
model for EDLs in ILs and test the model using our MD data.
The rest of this paper is organized as follows: the simulation
system and methods are presented in Section 2; the micro-
structure of EDLs are discussed in Sections 3; the results on
the EDL capacitance are given, and the existing classical
models for EDLs are examined in Section 4; a new model
for EDLs in ELs is proposed and tested in Section 5. Finally,
the conclusions are presented in Section 6.

2. Simulation system and methods

We performed MD simulations of ILs in contact with planar
and cylindrical exohedral'® electrodes modeled by graphene
sheets and carbon nanotubes (CNTs). In the planar electrode
simulations, ILs are enclosed between two planar electrodes
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and each wall was modeled as a graphene sheet (see Fig. 1a).
The gap between two electrodes was set to 6.0 nm to produce a
bulk-like behavior in the channel center. The size of the
simulation box was 5.94 nm in both x- and y-directions. The
coordinate system is defined such that z = 0 corresponds to
the geometrical plane of the lower electrode. In the cylindrical
electrode simulations, a (5,5) CNT with a diameter of 0.67 nm
was placed at the center of a box of ILs (see Fig. 1b). The
length of CNT is 6.1 nm, pointing along z, and the size of
simulation box along x- and y-directions was set to 6.0 nm,
which is large enough to obtain a bulk-like behavior at
position far from the CNT. Three different surface charge
densities (0, +0.112, and —0.112 C m~2) were studied by
assigning a net partial charge to the atoms of the electrode.
[BMIM][CI] and [BMIM][PF] were chosen as ILs due to their
different anion size (the diameter of the CI™ and PF¢™ ions are
3.62 A and 5.10 A, respectively'®). The force fields for the
electrode atoms (carbon) were taken from ref. 20. The force
fields for the BMIM " and PF,~ ions were taken from ref. 21,
and the force field for the Cl™ ions was taken from ref. 22.
Periodic boundary conditions were applied in x- and
y-directions for simulations with planar electrodes, and in all
three dimensions for simulations with CNT electrodes.
Simulations were performed in the NVT ensemble using an
MD package Gromacs.?? For each simulation, the number of
ions in the system was tuned such that the ion concentration of
the bulk-like region in the simulation box matched that of the
bulk ILs. The PME method was used to compute the electro-
static interactions. Specifically, an FFT grid spacing of
0.12 nm and cubic interpolation for charge distribution were
used to compute the electrostatic interactions in reciprocal
space. A cutoff distance of 1.0 nm was used in the calculation
of electrostatic interactions in the real space. The nonelectro-
static interactions were computed by direct summation with a
cutoff length of 1.0 nm. The LINCS algorithm®* was used to
maintain the bond length of the BMIM * and PF¢~ ions. In
each simulation, we first heated the system to 1000 K, and then
annealed to 365.15 K in 3 ns. The system was then allowed to
equilibrate for another 6 ns to obtain an equilibrium state.
Finally, a 50 ns production run was performed. To ensure
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Fig. 1 Snapshots of simulation systems with graphene sheets (panel a) and CNT (panel b) as electrodes. The blue, green, and yellow spheres

represent BMIM * ions, PF¢~ ions, and electrode atoms.
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statistical accuracy, each simulation case was repeated five
times with different initial configurations.

The microstructure of the EDL, e.g. ion number density and
space charge density profiles, was computed using the binning
method. The capacitance of the EDL was computed by*

[

CEDL:m7 (1)

where ¢py is the potential drop across the EDL, and PZC is
the potential difference between a neutral electrode and the
bulk electrolyte. In the planar electrode simulations, the
potential distribution was obtained using the method in
ref. 26. In the cylindrical electrode simulations, the potential
distribution was calculated by

r

1 r r
o(r) = T /up()(u) ln;du + Ralnﬁ , (2)
R

where R and ¢, are the radius of cylindrical electrode and
vacuum permittivity, respectively. p.(u) is the space charge
density in the radial direction. In this work, the PZCs of the
planar and CNT electrodes in contact with [BMIM][CI] were
found to be 414 mV and 458 mV, respectively. The former
PZC value is very close to the 420 mV reported in a recent
experimental study.!® The PZCs of the planar and CNT
electrodes in contact with [BMIM][PFg] are both essentially
zero. The PZC at planar electrode is consistent with that
reported for graphite surface in a recent MD simulation
study.?’

In order to obtain fundamental information that includes
important quantum effects related to the confined geometries
at EDLs, we carried out large-scale quantum density
functional theory (DFT) calculations. All DFT calculations
were performed using the periodic DFT program Vienna
ab initio simulation package (VASP), version 4.6.%%3' The
Kohn-Sham equations were solved using the projector
augmented wave (PAW) approach®** within the frozen core
approximation to describe the electron—core interaction and a
plane wave basis set. The basis was composed of plane-waves
up to a 400 eV kinetic energy cutoff. In each case the total
electronic self-consistent field (SCF) was converged to 1074 eV
per molecule. Unless otherwise stated, the generalized gradient
approximation (GGA) exchange-correlation functional of
Perdew, Burke, and Ernzerhof (PBE)** was utilized. Electronic
convergence was defined as a consistency between successive
cycles of less than 107> eV. Each CNT system (neutral CNT +
exohedral IL) was placed in a cell that ensured at least 12 A of
vacuum in the two non-periodic directions between the CNT
and its reflection. For single IL exohedral adsorption, the IL
(BMIM " cation alone or the BMIM " and PF,~ cation—anion
pair) was positioned on the CNT such that the periodic images
along the CNT axis were 12 A apart. The 1D Brillouin zone
was sampled using a string of 16 k-points, a sampling that was
found to be sufficient to attain good numerical convergence.
The binding energy for IL adsorption was computed by the
difference between the total system and the infinitely separated
ILs and CNT. To explore adsorption of the ILs inside a
graphene slit, a model as depicted in Fig. la was used
(2 graphene sheets separated by a fixed distance at 1.2 nm

for the DFT calculations). In this case we only considered the
adsorption of a single BMIM ™ cation at one of the neutral
surfaces.

3. Ion distribution in EDLs

For the distribution of BMIM ¥, CI™, and PF~ ions and the
orientation of BMIM™ ions near neutral and electrified
electrodes, we found general trends similar to those reported
earlier, regardless of the electrode curvature. For example,
(1) BMIM* ions adsorb significantly on neutral and
negatively charged electrodes.®?”*>37 The first peak of their
concentration profile is systematically located ~0.347 nm
from the electrode surface. Such a distance remains virtually
the same if the system consists of only a single BMIM * ion
and the electrodes. From the DFT calculations, a BMIM *-
surface distance of 3.44 A was determined for a (9,0) CNT and
3.40 A inside a defect-free graphene slit, in excellent agreement
with MD results. This agreement provides evidence that the
model and potentials used in the classical MD simulations
adequately capture the essential interactions at the interface.
The DFT-computed value for the interaction energy for the
BMIM " cation on the neutral CNT is 0.32 eV, which explains
the significant adsorption of BMIM* on neutral electrodes.
Nevertheless, the overall electronic band structure of the CNT
is not substantially modified by the adsorption of the
BMIM ", in agreement with the absence of Faradic process
at the interface of EDLs. (2) The imidazolium ring of BMIM *
ion becomes more parallel to the electrode, as the electrode
charge density () becomes more negative, and tends to be
more vertical to the electrode, as ¢ becomes more positive.”*
(3) Near neutral electrodes, it was also observed that the
neutral tails of BMIM " ions lie flat on the electrode similar
to the imidazolium ring. This is consistent with results
reported in earlier MD simulations.’”*® (4) For charged
electrodes, MD simulations indicate that the cations and
anions form alternating layers due to the strong cation—anion
correlations, and the layering penetrates about 1-1.5 nm into
the IL bulk.®* (5) The strong cation—anion correlations also
manifest from the co-adsorption of cations and anions on the
surface of neutral electrodes. We note that from the DFT
calculations, co-adsorption of a cation and an anion onto a
neutral CNT leads to a packing where the PF¢~ anion
associates to the C2 position of the BMIM " cation due to
the enhanced H-bonding interactions, which is quite common
for imidazolium-based ILs.*** (Recent MD simulations on
[BMIM][PFg] found that the hydrogen bonds have short life-
times as a result of the fast rotations of PF¢~ ions.** This effect
may have come from thermal effects since the MD simulations
were performed at temperatures of 300-380 K compared to
0 K in our DFT calculations.) With an increased amount of
cation—anion pairs, the cation—anion correlation leads to a
“staggered-pair” packing at the nanotube surface that repeats
both around the circumference and along the nanotube axis to
give complete coverage. This level of surface coverage tends to
completely screen the m—m interactions that cause nanotube
agglomeration (formation of bundles) which is the funda-
mental mechanism underlying the excellent solvent properties
of IL for nanotubes and the formation of a bucky-gel.
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Below we examine how the anion size affects the EDL
structure. As mentioned above, the MD results show excellent
agreement with the quantum DFT calculations for the neutral
surface cases. This serves as the validation of the potentials,
indicating that much larger system size, time scale and para-
meter space (such as ion size and interface curvature effects) can
be examined using the MD approach described in the current
paper with good confidence. In the following sections, we report
exclusively on results obtained from such calculations.

3.1 Ion size effects

In Fig. 2 we compare the density distribution (p,,) of ions in
[BMIM][CI] and [BMIM][PF¢] near neutral planar electrodes.
We observe the following trends: (1) Comparing the C1™ and
PFs ion density profiles adjacent to the first peak of the
BMIM " ion profile, Cl~ ions spread in a wider region, but
with a lower peak, and the Cl™ ion density peak is closer to the
electrode than that of the PFs™ ions. (2) The second peak of
BMIM * ion profile is closer to the electrode, when the anion is
C1™. These observations are closely related to the smaller size
of CI™ ions compared to PF4~ ions. To understand observa-
tion 1, we note that the Cl™ ions adsorbed on the electrode
(signified by the first peak of CI™ ion profile) can approach the
electrode closer than the PFs~ ions due to their smaller size.
However, the adsorption of PF4™ ions is much stronger mainly
for two reasons. First, the van der Waals force between the
electrode atoms and ions, a key driving force for ion adsorp-
tion, is stronger for the polyatomic PFs™ ion than for the
monoatomic Cl™ ion. Second, as anions are adsorbed on
electrodes, part of the coordination shell (consisting primarily
of cations) must be removed due to the spatial confinement
imposed by the electrode. Such a partial ““desolvation” process
tends to hinder their adsorption on the electrode. Since PF4~
ions are larger than Cl™ ions, a smaller fraction of their
coordination shell is removed compared to Cl™ ions as they
become adsorbed on the electrodes. Consequently, PF¢™ ions
adsorb more strongly on neutral electrodes. The densely
packed PF¢ ions adsorbed on the electrode prevent more

p,, (#nm®)

0 0.5 1 1.5 2 25
distance from the electrode (nm)
Fig. 2 Ion number density profiles in [BMIM][CI] (panel a) and
[BMIM][PF] (panel b) near neutral planar electrodes. The positions
of the cation and the anion are represented by the geometrical center
of the imidazolium ring and the entire anion, respectively.

PF¢ ™ ions from approaching them. It follows that we observe
a near depletion of PF¢™ ions in region 0.54 to 0.68 nm from
the electrode, and such a phenomenon doesn’t occur for the
loosely packed Cl™ ions adsorbed on the electrode. Observa-
tion 2 is caused by the different size of the anions, i.e., the
densely packed PF¢~ ions in the first layer adjacent to the
electrode prevent the second BMIM ™ layer from approaching
too closely to the electrode.

In the present study, the polarization of electrodes by ions
near them is not modeled and the interactions between ions
and these polarization charges (often termed image charge
interactions) are not accounted for. The image charge inter-
actions tend to enhance the adsorption of ions, and the
enhancement is stronger for the smaller CI™ ions than for
the larger PF¢~ ions. However, we note that the image charge
interactions are strongly screened by the ion pairs in the
system, and thus the ion adsorption on electrodes is unlikely
to be changed significantly by such interactions. This is
indirectly supported by classical MD simulations of high-
temperature molten salts.*> In those simulations, the ion
distribution near electrodes is only slightly modified when
the image charge interactions are included. To what extent
the adsorption of room-temperature ILs on electrode is
affected by image charge interactions will require a more
systematic study.

Fig. 3a and b show the density distribution of ions near
planar electrodes with o = +0.112 C m~2. A distinct BMIM *
ion layer, located at z = 0.35 nm, follows closely the first CI™
layer (see Fig. 3a). However, such a BMIM * ion layer is not
observed near the first PFs~ layer in [BMIM][PF¢] (see
Fig. 3b). The smaller size of Cl™ ions is responsible for this
difference. Specifically, although the adsorption of BMIM *
ions is reduced by the electrostatic repulsion from the elec-
trode, it is facilitated by the strong attraction between the
anions and BMIM * ions. Such an attraction is stronger for
the smaller C1™ ions. In addition, because of their smaller size,
Cl1™ ions leave more space near the positive electrodes for the
BMIM " ions.
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Fig. 3 Ion number density profiles in [BMIM][CI] (panels a and c)
and [BMIM][PF¢] (panels b and d) near positive and negative planar
electrodes.
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Fig. 4 Distribution of the angle 6 formed between the normal of
imidazolium ring in the twin-peaks of BMIM ™ ion (see Fig. 3c and d)
and the normal direction of the electrode with ¢ = —0.112 C m™2,

Fig. 3c and d show the number density distribution of ions
near planar electrodes with ¢ = —0.112 C m~2. We observe
that (1) the density profile of BMIM * ions shows two peaks
(a doublet) at z = 0.35 nm and z = 0.45 nm from the planar
electrodes in both Fig. 3¢ and d, and (2) when CI” ion is the
anion, the two peaks have similar height. However, when
PF¢™ ion is the anion, the second peak becomes much lower
than the first peak. To understand observation 1, we analyzed
the molecular structure for the systems of Fig. 3c and d and
found that the BMIM" ions in both peaks are contact-
adsorbed on the electrode. As shown in Fig. 4, the imid-
azolium rings of BMIM " ions in the first peak are almost
parallel to the electrode, while those of BMIM * ions in the
second peak become more random. The formation of the
doublet, or equivalently the different orientation of contact-
adsorbed BMIM ™ ions, mainly arises from the incommensu-
rate shape of the “flat” BMIM * ions and spherical Cl~/PF4~
ions. Specifically, the nearly spherical anions accumulated
near the first BMIM © peak can’t be packed effectively with
the BMIM ™ ions adsorbed on the electrode if all BMIM ™ ions
lie parallel to the electrode. The second observation follows
from the fact that more Cl™ ions accumulate in the region
(0.44 nm < z < 0.89 nm) very close to the negatively charged
electrode, which forces more contact-adsorbed BMIM * ions
to orient less parallel to the electrode to achieve a better
packing with the Cl™ ions. The larger accumulation of Cl™
ions in this region is caused by its stronger attraction to the
BMIM * ions than the larger PF¢~ ions.

The above results indicate that the size of anions affects the
distribution of cations near both negatively and positively
charged electrodes. At the fundamental level, these effects
originate from the different attractions between cations and
anions with different sizes, which play a key role in determin-
ing the ion distribution in EDLs inside ILs.

3.2 Curvature effects

Fig. 5a—d show the ionic density profiles in [BMIM][CI] and
[BMIM][PF4] near CNT electrodes with ¢ = £0.112 C m 2,

6=40.112 C/m? 6=-0.112 C/m?

— BMIM" |
e

—BMIM*|
---cr

=
e

0 0.5 1 1.5 2 00 0.5 1 1.5 2

distance from the electrode (nm) distance from the electrode (nm)
Fig. 5 Ion number density profiles in [BMIM][CI] (panels a, ¢) and
[BMIM][PF¢] (panels b, d) near positive (panels a, b) and negative
(panels ¢, d) CNT electrodes.

i.e., the same as for the planar electrodes used in Fig. 3a—d. At
¢ = +0.112 C m™2, the peaks of the anion concentration
profiles (Cl” ion in Fig. 5a and PF¢ ™ ion in Fig. 5b) are much
lower than those shown in Fig. 3a and b. In addition, the
cation layer near the first peak of anion layer becomes higher
(this is especially obvious in Fig. 5b). Near the negative CNT
electrodes, the doublet-peaks of BMIM * ions are replaced by
a single peak, and the height of the first anion peak (Cl™ ion in
Fig. 5c and PF¢™ ion in Fig. 5d) is not substantially changed.
The reduced first counter-ion peak and enhanced first co-ion
peak are both caused by the reduced electrical field near
exohedral cylindrical electrodes, compared with those near
planar electrode with the same o. Specifically, Gauss’ law
predicts that at the same distance from the electrode with
the same g, the electric field is weaker near cylindrical electro-
des than near planar electrodes. This leads to a reduced driving
force for the counter-ion adsorption and co-ion desorption on
the electrode, which in turn leads to the above observations.

4. Ion size and curvature effects on EDL
capacitance

4.1 Results

Fig. 6 shows the capacitance of EDLs with surface charge
densities of ¢ = £0.112 C m~ for different counter-ion/co-ion
and electrode geometries. We note that the capacitance of
EDLs in [BMIM][PF] is similar to that reported in ref. 35. We
observe that near both planar and cylindrical electrodes, the
EDL capacitance as a function of the counter-ion type follows
the order CI~ > PFs~ ~ BMIM™ (PF¢ as co-ion) =
BMIM ™ (CI™ as co-ion). Such an order is consistent with
the expectation based on the classical Helmholtz model, i.e.,
EDL capacitance decreases as the counter-ion size increases.
Fig. 6 also shows that for EDLs with the same counter-ion and
co-ion, the capacitance increases by 30-44% as the electrode
shape changes from planar to cylindrical. This enhancement of
capacitance due to the electrode curvature is consistent with
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Fig. 6 The capacitance of EDLs near planar and CNT electrodes
with ¢ = +0.112 C m~2 in contact with different ILs. The potential
drop across each EDL, from left to right in the figure, is 2.97 V,2.28 V,
274V, 191 V,2.05V, 143V, 2.55V and 1.92 V, respectively.

the prediction by the exohedral electrical double-cylinder
capacitor (xEDCC) model,* i.e., for the same EDL thickness,
the capacitance increases with increased electrode curvature.
The above results demonstrate that the dependence of EDL
capacitance on the ion size and electrode geometry is in
qualitative agreement with available theories. However, to
use these models to guide the optimization of EDL capaci-
tance by exploiting ion specificity and electrode curvature
effects, the accuracy of these models must be examined
quantitatively. Below, we use the data from Fig. 6 to examine
the Helmholtz and xEDCC models.

4.2 Quantitative examination of Helmholtz and xEDCC
models

Based on the Helmholtz model, the capacitance of an EDL
near a planar electrode, C., is given by

€0
Coc - g ) (3 )
where ¢, and d,, are the permittivity and thickness of the
Helmholtz layer. Based on the xEDCC model, the capacitance
of an EDL near an exohedral cylindrical electrode, C., is
given by*®
&c
C“*Rln(l +%) @
Here, ¢. is the permittivity in the EDL, d_ is the separation
between the counter-ion layer and the electrode surface, and
R is the radius of the exohedral cylindrical electrode. In
principle, the accuracy of eqn (3) and (4) can be studied by
comparing their prediction of C,, and C. with simulation
data. In practice, such a comparison is not straightforward.
Specifically, although d., and d. can be measured in MD
simulations or experiments, ¢, and ¢ are difficult to obtain. In
fact, the permittivity at the interface of fluid/electrode in the
direction normal to the electrode is extremely difficult to
compute.*’ At present, only the static dielectric constant in

bulk ILs can be measured with accuracy,***° and experimental

measurement of the dielectric constant of interfacial ILs has
not been reported yet. Hence, it’s unclear whether the
dielectric constant in the EDL is the same as that in the bulk
ILs. However, it is well-known that, for the EDLs in aqueous
electrolytes, the dielectric constant in the Helmholtz layer can
be 5 to 10 times smaller than in bulk electrolytes.*>* The
direct evaluation of eqn (3) and (4) is difficult since it requires a
precise permittivity value in the EDL. To avoid this difficulty,
we test these models by examining the enhancement of EDL
capacitance () due to increased electrode curvature, i.e., we
compute 5 as

& ds

=G/ C = Rin(i + do/R)

(5)
Here we assume that ¢, ~ €, i.e., the dielectric permittivity is
the same for ILs near electrodes with different curvatures at
the same surface charge density. Although this assumption is
not ideal, it’s far less restrictive than other assumptions such as
assuming &, X &pyk- With this proviso, we obtain

n = C/Cx = do/R1In(l + d/R). (6)

Testing the accuracy of eqn (6) requires the thickness of the
EDL, i.e., d., and d,., as input parameters. However, d_, and
d. can be identified without ambiguity only when three
conditions are met simultaneously, i.e., (a) the electrode
charge is screened exactly by a single layer of counter-ions,
(b) the electric charge of each counter-ion is centered on a
single atom, and (c) there is no charge separation in the
electrolyte near neutral electrodes. However, the ion concen-
tration profiles (see Fig. 2, 3 and 5) and the delocalized nature
of the ion’s charge in ILs indicate that none of these conditions
is rigorously satisfied for the EDLs in ILs. Consequently, there
are several possible choices when evaluating EDL thickness
from MD data. Specifically, if the number density profiles of
counter-ions and net charge density profiles near electrodes
with a surface charge density of g, i.e., p;, counter-ion @and pg, are
given, then the EDL thickness near a charged electrode may be
obtained from:

1. the distance between the first peak of p;, counter-ion and the
electrode surface, i.e., the EDL thickness is based on pj;

2. the distance between the first peak of the profile
Apg,counler-ion = pZ,counter-ion - pg,counter-ion to the electrode
surface, i.e., the EDL thickness is based on Apyj,; or

3. the distance between the first peak of the profile Ap; =
pS — p2 to the electrode surface, i.e., the EDL thickness is
based on Apy.

The first option is the most frequently adopted choice in the
literature. It amounts to neglecting the ion charge delocaliza-
tion, the ion adsorption on neutral electrodes, and the charge
separation beyond the first counter-ion layer. With the second
option, the ion charge delocalization and the charge separa-
tion beyond the first counter-ion layer are ignored. The third
option is equivalent to neglecting the charge separation
beyond the first space charge density peak. The capacitance
predicted by eqn (6) using EDL thickness following choices 1
and 2 are similar. For brevity, we present the examination of
eqn (6) using EDL thickness defined with choices 2 and 3.
Fig. 7a-d show Apj, and Ap? for [BMIM][CI] adjacent to
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Fig. 7 Change of ion number densities (panels a and ¢) and space
charge densities (panels b and d) in [BMIM][CI] near planar electrodes
as the electrode charge density is changed from zero to +£0.112 C m ™2

planar electrodes with ¢ = 40.112 C m™2 In these figures,
z 0 corresponds to the electrode surface. We retrieve
d., using the Ap, and Ap, profiles shown in Fig. 7, and the
results are listed in Table 1. Note that when the Ap, has two
closely-spaced peaks (e.g., in Fig. 7d), the position of an
“effective” first peak of the Ap, profile is taken as geometrical
center of such peaks. Using similar method, d, for the EDLs in
[BMIM][CI] adjacent to CNT electrodes and d.(d.) in
[BMIM][PF4] adjacent to planar (CNT) electrodes were
retrieved and listed in Table 1. With d., and d. shown in
Table 1, 5 is computed using eqn (6) and the results are
summarized in Table 1.

We observe that the relative error in # predicted by eqn (6)
using Apy-based d., and d. is about 6-31%, while the error in
n predicted by eqn (6) using Apg-based d,, and d. is about
1-10%. These results suggest that EDL thickness based on
Ap;, and Ap? can both provide a moderately accurate
prediction of #, although the accuracy is better if an EDL
thickness based on Ap{ is used. The fact that EDL thickness
based on Ap; gives a poorer prediction of g is expected,
because EDL capacitance is most directly related to the change
of space charge density rather than ion number density as the
electrode is electrified. Another more subtle reason is as
follows. As shown in Fig. 7, Apg is significantly affected by
the change in anion concentration as the electrode is electrified
even near electrodes with negative surface charge density

Table 1 The EDL thickness based on different choices described in
the text of Section 4.2 and comparison of curvature-induced capaci-
tance enhancement predicted by eqn (6) and MD simulations

BMIM* ClI™
PF,~ BMIM *

Counter-ion BMIM™*
Co-ion Cl™

PF¢~
BMIM*

d..(d.) based on: Ap, Ap. Ap, Ap. Ap, Ap. Ap, Ap,
d.,/nm 044 034 041 033 037 031 0.39 029
d. (nm) 0.39 0.35 0.39 0.33 0.33 0.33 0.39 0.29
N = CeCoeqn(6) 1.70 1.42 158 1.44 135 135 1.51 1.39
n = Ce/C., (MD) 1.30 1.43 1.44 1.33

(similar phenomenon has also been found in our earlier
studies®). Hence, APy counter-ion Profile is a poor metric for
the change of EDL structure and Ap; as an electrode is
electrified, which in turn leads to poorer prediction of the
EDL capacitance.

In summary, the above discussions suggest that, despite the
rich structure of EDLs in ILs, if the EDL thickness is suitably
parameterized (in particular, if the EDL thickness is based
on the change of space charge density as the electrode is
electrified), the Helmholtz and XEDCC models can predict
the EDL capacitance with reasonable accuracy.

5. A new theoretical model for EDLs in ILs

Although the Helmholtz and XEDCC models can predict EDL
capacitance values with reasonable accuracy, they constitute
quite crude simplifications of the actual EDLs in ILs. The
fundamental assumption of these models is that the electrode
charge is screened by a single layer of counter-ions adsorbed
on the electrode surface and the electrolytes beyond this single
layer are structureless. This assumption is in contradiction
with the alternating layering of counter-ion/co-ions observed
in ILs. It is therefore desirable to develop more elaborate
models for the EDLs in ILs. Prior studies have led to inter-
esting models for EDLs in ILs from mean-field theories.
However, due to the complicated nature of EDLs in ILs, a
number of assumptions had to be made in a mean-field
approach, e.g., ion—ion correlations are neglected to a large
extent. Consequently, some important features of the EDLs
cannot be described by these models. Here we take a more
phenomenological approach with the objective of capturing
key features of the EDLs observed in MD simulations.

As shown in Fig. 2, 3, 5, and 7, the alternating layering of
ions adjacent to the electrode is one key feature of the EDLs in
ILs. The layer alternation becomes weaker as the position
moves further from the electrode. The overscreening of
electrode charge is another key feature of the EDLs in ILs.
It is known that, in concentrated ionic systems, the strong
ion—ion interactions can lead to overscreening of the electrode
charge. The overscreening of electrode charge in ILs was
perhaps first envisioned by Kornshev and was subsequently
observed in a model IL made of charged Lennard-Jones
spheres.g'm’17 In our current simulations, in which the ILs
are modeled with chemical details (e.g., complex shape and
charge delocalization), we also observed similar phenomena.
To quantify the charge overscreening, we introduce a charge
screening factor

pule) = [ ez, (7)
0
near planar electrodes, and
S
) == [ gdo(s)ds/o, (®)
R

near cylindrical electrodes. At position with f > 1.0, the
electrode charge is overscreened. Fig. 8 shows the charge
screening factor f near planar and CNT electrodes with
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Fig. 8 The charge screening factor f in [BMIM][CI] (panel a) and
[BMIM][PF¢] (panel b) near negative planar/cylindrical electrodes.
The electrode charge density is —0.112 C m 2 in all cases.

6 = —0.112 C m 2. We observe that § always exceeds 1.0
at a position near the first counter-ion concentration peak
(see Fig. 3 and 5). Beyond this position, f§ oscillates around 1.0
and the oscillation becomes weaker as the distance from the
electrode increases. Similar trends have also been observed in
the simulations of [BMIM][NO;] and [BMIM][BF,].>* There-
fore, we conclude that the overscreening of electrode charge is
a universal feature of the EDLs in ILs.

In this work, we propose a “Multiple Ion Layers with
Overscreening” (MILO) model for the EDLs in ILs to take
into account the alternating layering of ions adjacent to the
electrode and the overscreening of the electrode charge. Fig. 9
shows a schematic of the MILO model. In essence, we assume
that the EDL consists of a counter-ion layer that overscreens
the electrode charge and an adjacent co-ion layer. The coun-
ter-ion layer is located at a distance S, from the electrode, and
the net charge of this layer is —ff40, where f§ is the charge
overscreening factor at position S,. ¢ and A are the charge
density and area of the electrode surface, respectively. The
excess charge of the counter-ion layer is balanced exactly by
the adjacent co-ion layer located at position S from the
counter-ion layer. Note that the layering of ions beyond the
first two layers is much weaker and is therefore neglected.
Using elementary electrostatic theory, the capacitance of

N ‘ -BAc
N
N G
N S,
SD

Fig. 9 A schematic of the “multiple ion layers with overscreening”
(MILO) model. The charge of the electrode (40), the first counter-ion
layer (—fAa), and the adjacent co-ion layer ((f — 1)4o) are assumed
to be localized at positions 0, 1 and 2.

EDLs near planar and CNT electrodes described by the MILO
model is found to be

Coo = 9)

&
C. =

. (10

R[ln(l +7P) — (B - 1)1n(1 +$Sp)]

where the superscripts oo and ¢ denote planar and cylindrical
electrodes, respectively. Note that in the limit of § = 1, eqn (9)
and (10) reduce to eqn (3) and (4), respectively. The
parameters of eqn (9) and (10) include S, S5 and . The value
of S, and S, can be deduced from the size of the counter-ions
and co-ions. Determining f3, however, is more difficult. In
principle, # can be derived from more advanced models. In
this work, we focus on the predicting power of eqn (9) and (10)
for the EDL capacitance for a given value of 5. To test eqn (9)
and (10) based on the MILO model, we again adopt the
approach used in Section 4 to circumvent the difficulty of
obtaining precise value of dielectric constant in EDLs by
studying the enhancement of EDL capacitance due to
electrode curvature. Specifically, assuming ¢, ~ &.,, eqn (9)
and (10) predict that the enhancement of EDL capacitance by
the electrode curvature follows:

o Sp° = (B — 1)S®
T Cx R[]n(l +%) = (Be — 1)1“(1 +%Sp)}

(11)

The predicted enhancement of EDL capacitance near a CNT
electrode over that near a planar electrode, #, is compared to
that computed directly from MD simulations in Table 2. We
observe that the relative error of prediction by eqn (11) is
about 5% except for EDLs in [BMIM][CI] adjacent to
electrode with ¢ = —0.112 C m~2, where the relative error is
about 14%.

The agreement between the MD data and the prediction
made with eqn (11) suggests that the MILO model is capable
of capturing some of the essential physics of EDLs in ILs.
Although the accuracy of the prediction by eqn (11) is
comparable to that of the Helmholtz/xEDCC models, the
new model can potentially explain other phenomena that are
difficult to explain within the framework of these prior models.
For example, eqn (11) predicts that charge overscreening tends
to lead to an increase in EDL capacitance. Since charge

Table 2 Key parameters of the MILO model measured in MD
simulations and comparison of curvature-induced capacitance
enhancement predicted by eqn (6) and MD simulations

Counter-ion BMIM' BMIM" CI™ PF¢~
Co-ion Cl- PF¢~ BMIM® BMIM*
B 1.76 2.08 2.26 1.86
Be 2.25 2.60 2.73 2.56
Sy’ /am 0.47 0.37 0.36 0.33
S /nm 0.16 0.06 0.15 0.04
S%/nm 0.45 0.37 0.37 0.34
S¢/nm 0.10 0.06 0.17 0.03
n = CeCy (eqn (11)) 148 1.49 1.38 1.39
n = Ce/C., (MD) 1.30 1.43 1.44 1.33
Relative error (%) 13.8 4.2 4.2 5.3
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overscreening generally decreases as the electrode potential
(or the electrode surface charge density) increases,'” eqn (11)
provides a possible way for understanding the decreased
capacitance of EDLs as the electrode potential increases,
which is hard to achieve using the classical Helmholtz model,
since the EDL thickness is known to change little as the
electrode potential changes.” The next step in developing the
MILO model is to compute the overscreening factor f self-
consistently without using MD simulations, and work along
this line is currently under way.

6. Conclusions

We studied the structure and capacitance of the EDLs at
planar and cylindrical electrodes modeled by graphene sheets
and carbon nanotubes in ILs with BMIM ™' cations and
C17/PF¢ ™ anions using MD simulations and density functional
theory. The size of the anions is found to affect the position/
height of the BMIM* ion concentration peak near both
positive and negative electrodes. At the most fundamental
level, these effects stem from the different attractions between
cations and anions with different sizes. However, regardless of
the anion size, overscreening of the electrode charge was
observed in all the EDLs studied, suggesting that it is a
universal feature of the EDLs in ILs. For EDLs with different
counter-ions, we found that the capacitance of the EDLs
follows the order: BMIM® (Cl™ as co-ion) ~ BMIM*
(PFs~ as co-ion) ~ PF4s~ < CI” near both planar and
cylindrical electrodes. For the same electrolyte and electrode
charge density, the EDL capacitance is higher near cylindrical
electrodes. These trends are consistent with the expectations
from the Helmholtz and xEDCC models. Using the EDL
structure and capacitance data obtained from the MD simula-
tions, we examined the accuracy of the Helmholtz and xEDCC
models, and found that, if the EDL thickness is suitably
parameterized, these models can predict the EDL capacitance
with good accuracy despite the dramatically simplified EDL
structure assumed.

To account for the two critical features of the EDLs in ILs,
namely, the alternating layering of cations and anions near the
electrode and the overscreening of electrode charge, we
propose a “Multiple Ion Layers with Overscreening” (MILO)
model for the EDLs in ILs. The capacitance computed from
the MILO model agrees well with the MD prediction,
although at present, some input parameters of the MILO
model must be obtained from MD simulations. However, we
emphasize that the MILO model provides a new framework
for understanding many interesting and important aspects of
EDLs in ILs, in particular, the dependence of EDL capaci-
tance on the electrode potential, which is very difficult to
rationalize using the classical EDL models.
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