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Abstract

The differential capacitance profile of electrochemical interfaces reflects the physical prop-

erties of the double layer. For carbon electrodes and ionic liquid based electrolytes, these

capacitance profiles are not fully understood. In this work, we utilize constant voltage

molecular dynamics simulations to compute differential capacitance profiles of ionic liq-

uids [BMIm+][BF�
4 ]and [BMIm+][TFSI�]mixed with acetonitrile and 1,2-dichloroethane, at

model graphene electrodes. We find that both pure and 10% mole fraction ionic liquid

electrolytes exhibit camel shaped capacitance profiles with two peaks on either side of a

minimum centered at the potential of zero charge. This profile shape results from electric

field induced rearrangement of ion structure within the inner layer closest to the electrode

interface. At low potential, the ionic liquid inner layer is concentrated with non-polar tri-

fluoromethyl and butyl functional groups of the anions and cations, corresponding to the

minimum of the capacitance profiles. With increasing voltage, electrostatic interactions of

polar/charged functional groups with the electrode surface compete with these non-polar

interactions, leading to ion rearrangement that increases the inner layer charge density and

results in higher capacitance. After the ion restructuring is complete, the response saturates

and capacitance diminishes. The presence of organic solvent significantly changes the compo-

sition of the inner layer. For example, strong non-polar interactions between dichloroethane

molecules and the graphene surface substantially block ion/electrode contact at moderate

potentials. Overall, our simulations highlight the dynamic nature of the inner region of or-

ganic electrolyte double layers, and the sensitive dependence on electrolyte composition and

applied voltage.

1. Introduction

Electrochemical interfaces of carbon electrodes and organic electrolytes are important in

energy storage applications such as supercapacitors.1,2 Such applications require high sur-
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face area electrodes,3{6 and thus porous carbon materials7{12 such as activated carbon13{17

or carbide-derived carbon18{20 are often employed. The electrolytes may be aqueous, or-

ganic, or pure ionic liquids, and this choice can significantly affect device performance.21,22

Room temperature ionic liquids (ILs) are commonly utilized because of their large electro-

chemical stability windows,23{25 which enable higher operating voltages.26{28 However, the

conductivity of ILs is relatively low due to their large viscosities, and thus they are often

mixed/diluted with organic solvents such as acetonitrile or propylene carbonate.21,22 In ad-

dition, the capacitance of ionic liquid-based, organic electrolytes may be significantly altered

by ion concentration and type of solvent.29 It is also increasingly realized that electrolytes

should be tuned separately for the cathode and anode for optimal performance.22,30{32 In

general, the cathode/anode capacitance is disproportionately affected by electrolyte choice,

due to differences in size, shape, and interactions of the cations and anions.22,32,33 In this

regard, IL mixtures often provide performance enhancements relative to the use of the pure

ILs themselves.30,31,34,35

The differential capacitance is of central importance for both device performance as well

as physical characterization of the electrochemical interface. For organic electrolytes such

as ionic liquids and their mixtures, differential capacitance profiles are not fully understood.

When paired with carbon electrodes, a particular challenge for capacitance characterization

is the need for precise determination of accessible internal surface area within the porous

electrode morphology; indeed, inconsistent surface area measurement may lead to differing

interpretation.3{6 Other challenges are that standard procedures for determining potential

of zero charge (PZC) (e.g. with dilute solution measurements36) are not applicable to ionic

liquids, and defining a common reference potential scale is difficult.37 In addition to car-

bon electrodes, capacitance data for ionic liquids has been reported for a variety of (solid)

metal and/or mercury electrodes as characterized by cyclic voltammetry, electrochemical

impedance spectroscopy (EIS), and/or galvanostatic charge-discharge measurements;22,38{54

Among these experimental data, consensus on the capacitance behavior is largely limited
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to mercury electrodes; for these systems, the PZC occurs at ∼ -0.2V to -0.5V vs Ag/AgCl,

with differential capacitance of ∼ 15-20 �F=cm2 at the PZC and increasing at positive po-

larization.39{41 In contrast, for solid metal and carbon electrodes, reported experimental

capacitance data may be “inconsistent and often irreproducible”.55 It has been suggested

that a reason for these inconsistencies is the use of approximate equivalent circuit models

when interpretting e.g. EIS measurements.50,55 Additional complexity in capacitance pro-

files may result from possible voltage-modulated surface reconstruction and/or double-layer

structural transitions at the IL/electrode interface.45,56{60

The capacitance (and its voltage dependence) is dictated by the properties of the elec-

trical double layer. For concentrated electrolytes above 1M ion concentration, it is well

known61 that the capacitance is dictated by the “inner layer”, which is the region closest

to the electrode interface that (typically) extends less than a nanometer into the double

layer. The differential capacitance profile is thus determined by, and reflects, structural

changes within the innermost region of the double layer. Accurate characterization and in-

terpretation of the differential capacitance and its voltage dependence is therefore necessary

for fundamental understanding of the physical properties of the electrochemical interface.

However, as mentioned, experimental capacitance data of ionic liquids with carbon/metal

electrodes are sometimes inconsistent, with qualitative features of these capacitance profiles

being difficult to interpret and rationalize based on existing theoretical models. As an illus-

trative example, in Figure 1 we reproduce experimental capacitance data for the ionic liquid

[EMIm+][TFSI�]with platinum and glassy carbon electrodes as reported by Jitvisate et al.55

and Klein et al.48 It is observed that the ionic liquid exhibits “camel-shaped” capacitance

profiles, with two peaks on either side of a minimum. It is tempting to attribute the min-

ima in the capacitance profile to the PZC (in analogy with dilute aqueous electrolytes61),

yet the position of these minima only sometimes,40 but not always,39,42,45 agrees with the

PZC determined from electrocapillary measurements on mercury. While the minimum in

the capacitance profile is reminiscent of that observed for dilute aqueous electrolytes (con-
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centration . 10 mM), the physical origin is clearly different and distinct. For ionic liquids,

this minimum must be reflecting physical processes within the inner layer; in contrast, the

minimum for dilute, aqueous electrolytes reflects the diffuse, or Gouy-Chapman region of

the double layer.
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Figure 1: Differential capacitance of pure [EMIm+][TFSI�]measured by chronoamperome-
try with a polycrystalline Pt working electrode55 (shown in black) and by electrochemical
impedance spectroscopy with a glassy carbon working electrode48 (shown in green).

Not all qualitative features of the ionic liquid capacitance profiles shown in Figure 1
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are sufficiently explained by theoretical models of ionic liquid double layers. Kornyshev’s

theory/model62 for double layers is often employed to rationalize experimental IL capaci-

tance profiles.28,49 However, while this model can predict a minimum in capacitance at the

PZC, the minimum is only observed for low ion concentrations that do not resemble ionic

liquids; rather, for high ion concentrations the theory predicts a single maximum (at the

PZC). Application of low concentration limit of the model to ionic liquids has sometimes

been justified based on ion-pairing and/or ion association arguments,63 yet this rationale is

inconsistent with conductivity data of pure ionic liquids64 and also electrostatic screening

analysis.65,66 Other theoretical models proposed by Oldham,67 Bazant et al.,68 Limmer,69

and Wang and coworkers70,71 similarly predict that capacitance profiles of ionic liquids and/or

concentrated electrolytes would exhibit a single maximum at the PZC, and decrease with

voltage as C ∼ ∆V �1=2. The C ∼ ∆V �1=2 behavior predicted by these models is a saturation

effect, and qualitatively explains the high voltage tails of the capacitance profiles in Figure

1; however, as emphasized, the minima and camel-shape of the profile are not explained by

the theories/models for high ion content. The IL capacitance profiles in Figure 1 are also

qualitatively different from inner layer capacitance profiles of aqueous electrolytes, with the

latter typically exhibiting a maximum at the PZC in the absence of specific ion adsorption.72

We note that more recent theories/models that take into account ion asymmetry may better

reproduce ionic liquid capacitance profiles.73,74 In this work, we utilize molecular dynamics

simulations to attempt to reproduce, and explain, the unexpected minimum (Figure 1) that

is often observed in the capacitance profiles of ionic liquids.

A possible explanation for the “camel shape” of the ionic liquid capacitance profiles is

voltage-mediated restructuring and/or reorientation of the ions in contact with the electrode

surface. Electrochemical measurements of mercury/IL interfaces by Alam et al.40 showed

a pronounced temperature and chain-length effect on the capacitance minima, interpreted

as potential-dependent, orientational changes of interfacial cations resulting from interac-

tions between the non-polar alkyl chain and electrode surface.40 Utilizing electrochemical
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measurements in combination with sum frequency generation (SFG) spectroscopy, Baldelli

and coworkers have characterized ion reorganization at ionic liquid/electrode surfaces as a

function of applied voltage.52,54,75 At Pt electrodes with imidazolium ILs, the imidazolium

ring of the cation orients parallel to the surface at negative charge, but tilts/twists away from

the surface at positive charge, with the specific reorientation depending on the anion.52,54,75

These authors have found that the cation orientation depends on the nature of the sur-

face/interface,76{78 but is generally modulated by alkyl chain length and surface charge.75,79

Another qualitative feature illustrated in Figure 1 is that IL capacitance profiles may ex-

hibit significant asymmetry at positive/negative polarization. Capacitance is often larger for

positive polarization because the anions of ILs are generally smaller and less bulky than the

cations. Aurbach and coworkers51 determined the integral capacitance at ± 1.5V (relative

to PZC) to be ∼ 13 % higher for positive compared to negative polarization, for 1-alkyl-

1-methylpyrrolidinium/bis(fluorosulfonyl)imide electrolyte and activated carbon electrodes.

For imidazolium-based ILs, measurements from different groups also report higher capaci-

tance at positive polarization for Hg electrodes,39{41 and indeed the data from Klein et al.48

shown in Figure 1 indicates higher capacitance at positive polarization; however, qualita-

tively different results are found for other electrodes.42{44 The PZC is the key reference point

for such analysis, yet it is not straightforward to determine for ILs,80 and the PZC may

depend on electrochemical pretreatment of the electrode.39,43

In addition to fundamental interest, asymmetry in the capacitance profile has important

consequences for supercapacitors and other electrochemical applications. As dictated by

charge balance, the individual capacitances of the double layers add in series to give the

total capacitance of the cell. In a symmetric system, for example, the total cell capacitance

is only half the capacitance of each electrical double layer. More generally, the capacitance

of the double layers may be asymmetric, with the smaller capacitance electrode largely

limiting the energy storage of the system.51,81{83 Not only does such asymmetry diminish

the net device capacitance, it further limits the operating voltage window. This is because
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the total voltage drop of the cell is not evenly shared between the double layers, rather

the lower capacitance electrode will exhibit a higher voltage drop and thus first reach the

oxidative/reductive stability limit of the electrolyte.30,51,82 Asymmetric capacitance may be

desirable in certain situations,22,83{87 or in other cases remedied by “mass-balancing”,81,82

but re-formulation of the electrolyte for more symmetric capacitance is often preferred.30,31

Regardless, all of these optimizations require detailed knowledge and characterization of the

capacitance profile and its voltage-dependence.

Computational studies have helped to interpret experimental characterization of ionic

liquid double layers.2,88{96 A central goal is determining the relationship between the ca-

pacitance and the atomistic structure and interactions at the electrode-electrolyte inter-

face.62,92{100 For example, surface roughness92,94 and functionalization96,98 of graphite elec-

trodes have shown pronounced effects on the double layer structures as well as the en-

hancement of differential capacitance. Additionally, electrolytes with different chemistry,

composition, and concentration have been investigated to illustrate effects on double layer

structure and capacitance,93{95,99{102 Other simulations have examined the effect of tempera-

ture and/or dispersion forces on the double layer properties and capacitance profiles.95,103,104

At rough electrode surfaces with pure ionic liquid electrolytes, simulations have shown a

significant influence of temperature on the double layer structure and the capacitance pro-

file.104 On the other hand, temperature dependence of the capacitance profile is much less

significant for less concentrated organic electrolytes at both flat and rough surfaces.95 Our

present work complements these existing simulation studies by providing differential capac-

itance characterization for several different ionic liquid/organic electrolyte systems utilizing

fully atomistic and polarizable treatment of both the electrode and electrolyte.

In this work, we use constant voltage molecular dynamics (MD) simulations to investi-

gate the differential capacitance profiles of ionic liquid based electrolytes at model graphene

electrodes. We study pure [BMIm+][TFSI�]and [BMIm+][BF�
4 ]ILs, as well as 10 mol% of

these ILs mixed with acetonitrile and 1,2-dichloroethane solvents. We find “camel shaped”
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capacitance profiles for the pure ionic liquids as well as the organic solvent mixtures, with

a common minimum near the PZC. We show that this minimum occurs because of ion re-

structuring within the inner layer closest to the electrode surface. At low potential, strong

non-polar interactions of ions and solvent molecules with the graphene electrode dictate

the inner layer structure. These interfacial interactions are altered by increasing voltage,

which induces rearrangement of ions that increases the charge density within the inner layer,

and leads to increased capacitance. We characterize and elucidate interesting solvent ef-

fects on the inner layer structure and capacitance profiles. For example, the capacitance of

dichloroethane based electrolytes is slightly higher at negative polarization compared to the

pure ionic liquid or acetonitrile based electrolyte. This is because of strong non-polar inter-

actions between dichloroethane molecules and the graphene surface that block TFSI�anions

from close contact with the electrode. Our observations suggest that solvent effects on ca-

pacitance profiles of ionic liquid double layers are difficult to predict solely based on the bulk

solvent properties such as the dielectric constant.

2. Methods

2.1 Simulation Details

Electrochemical systems consist of neat [BMIm+][TFSI�]and [BMIm+][BF�
4 ]ILs, as well as 10

mol% IL in acetonitrile and dichloroethane, sandwiched between two perfectly flat graphene

electrodes. The electrodes are held at specified, constant voltage drop, which involves dy-

namically updating the electrode surface charges to satisfy fixed-voltage boundary conditions

as described in our recent work.100 The size, number of ion pairs, and number of solvent

molecules in each system are given in Tables S1 and S2, and a representative snapshot of

the electrochemical cell is shown in Figure S1. Each electrode consists of a single graphene

sheet that is infinitely periodic in the X/Y plane, composed of 800 carbon atoms in the

principal simulation cell; the two corresponding box vectors are thus 4.93 nm in length and
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at a 120o angle. A large vacuum gap with length Lgap separates the periodic replicas of the

electrochemical cell in the z-dimension; while this vacuum gap effectively produces a capac-

itance contribution in parallel to that of the electrochemical cell, the contribution has been

shown to be negligable100 and thus predictions from the simulations are directly compara-

ble to those of ”parallel-plate” capacitor geometries. We note that the effect of including

additional “stacked” graphene sheets for the electrode model leads to minimal difference in

simulation predictions,100 and thus the electrode model interchangably represents a graphene

sheet and/or pristine graphite basal plane. However in real graphene-based SCs, it is known

that there is a ‘quantum capacitance’ contribution from the electrode band structure which

we do not consider here.89,95,105

All MD simulations are performed with the GPU-accelerated OpenMM software.106,107

We utilize the polarizable SAPT-FF force field to model the electrolyte,108{111 and graphene

electrodes,112 similar to previous work.100 Polarization (of electrolyte molecules) is modeled

with Drude oscillators, utilizing an extended Langrangian scheme with dual Langevin ther-

mostats113,114 to keep nuclear/Drude degrees of freedom at 300 K/1 K respectively, with

friction coefficients of 1 ps�1, and mass of 0.4 au assigned to the oscillators. The PME

method115 is used for long-range electrostatics, and van der Waals interactions are treated

with a cutoff of 1.4 nm. Equilibration of the electrochemical cells utilizes a hybrid MC/MD

simulation procedure in the isothermal-isobaric (NPT) ensemble at 300 K and 1 bar for 10

ns; this procedure has been described previously,100 and serves to equilibrate the electrolyte

density (at constant pressure) while keeping the graphene electrode sheets perfectly flat.

Initial configurations of electrolyte solutions are generated using the PACKMOL116 package

(the graphene sheets are fixed to their experimental structure). Following equilibration, pro-

duction trajectories are generated for 100 ns in the NVT ensemble with fixed-voltage applied

to the electrodes.
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2.2 Double Layer Capacitance from Poisson Pro�le

The total differential capacitance of the electrochemical cell is given by CD = dQ=d∆Vcell,

where ‘Q’ is the (ensemble average) total charge on each electrode and ∆Vcell is the full

voltage drop between electrodes (capacitance is intensive after normalization by electrode

surface area). Because the electrochemical cell is symmetric with two identical electrodes,

the PZC is trivially ∆Vcell=0 V. The differential capacitance is directly obtained from our

fixed-voltage simulations by running two separate simulations at slightly different applied

voltage to compute a numerical derivative (note ‘Q’ is an output of the simulations).100 To

compare with experimental capacitance measurements on a working electrode (e.g. Figure

1), it is necessary to decompose the total cell capacitance into contributions from each double

layer. Note the total charge on the two electrodes are equal and opposite (as guaranteed

by charge neutrality), so that capacitance of the double-layers add in series to give the

capacitance of the full cell, e.g.

∆Vcell

Q
=

∆Vpositive

Q
+

∆Vnegative

Q
(1)

where ∆Vpositive and ∆Vnegative are the voltage drops across the double layers of the pos-

itive and negative electrodes, and the quantities on the r.h.s. are the inverse capacitance

of the double layers. It is implied that the magnitudes of the quantities are to be used

in Equation 1, as the voltage drop and charge both switch sign for the positive/negative

electrode. To evaluate ∆Vpositive and ∆Vnegative, it is necessary to calculate the Poisson

profile for the full electrochemical cell, using the ensemble-averaged electrolyte charge den-

sity. Figure S1 shows a representative Poisson profile across the electrochemical cell for the

[BMIm+][TFSI�]/acetonitrile electrolyte, and subsequent determination of ∆Vpositive and

∆Vnegative; corresponding profiles for the other electrolytes are given in Figures S2-S7. Be-

cause concentrated electrolytes exhibit perfect screening,100 there is no electric field in the

middle of the simulation cell and thus the potential is flat for the “bulk electrolyte” region
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of the system. It is therefore straightforward to choose a ‘reference potential’ within the

electrolyte to compute ∆Vpositive and ∆Vnegative, which would not necessarily be the case for

a pure solvent with no ions.117

We briefly discuss a subtle issue related to calculating the double-layer capacitance from

the outlined approach, which arises from consideration of the surface potential. This issue is

analogous to the problem of calculating the surface potential of the air/water interface,118{121

or any other interface for that matter.118 Calculations of absolute surface potentials from

MD simulations may not be physically meaningful,118 as they incorporate a contribution

from the trace of the molecular quadrupole moment which is not a well-defined quantity

in a force field.122 The latter contribution leads to an ill-defined shift that would affect the

“reference potential” of the bulk electrolyte determined from the Poisson profiles (Figure

S1), but would not affect the calculated total cell capacitance. However, the differential

capacitance is well-defined, and not affected by such a shift in the surface potential. This

is because, due to Gauss’s law, the shift is invariant to the shape of the molecular density

distribution at the interface,118 and thus is voltage independent.

3. Results

The potential dependence of differential capacitance provides important information about

the electrical double layer structure and its properties. We attempt to understand the

shape of capacitance profiles for carbon electrode/organic electrolyte interfaces, and its

complex relation to ion/solvent structure and interactions. Our MD simulations focus on

[BMIm+][TFSI�]and [BMIm+][BF�
4 ]pure ionic liquids, and additionally their mixtures with

acetonitrile and dichloroethane solvent. For each electrolyte, we compute the capacitance

profile for a range of applied potentials, and analyze the response of the double layer by

computing various density profiles. For the electrolyte mixtures, we set the ion content at 10

mol%, as similar concentrations have been previously observed to exhibit high relative capac-
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itance.29 We note that our previous work100 has shown that non-polar interactions between

electrolyte molecules and carbon electrodes significantly affect the double-layer structure

and capacitance; however, in this previous work, the capacitance was not decomposed on a

per-double layer basis. We will demonstrate that such non-polar interactions are a primary

determiner of the shape of the capacitance profiles, and we discuss how these effects depend

on the nature of ionic liquid and solvent.

3.1 [BMIm+][TFSI−]-based electrolytes

We start by calculating differential capacitance (CD) profiles for pure [BMIm+][TFSI�] ionic

liquid, as well as its mixtures with acetonitrile and dichloroethane solvent (the latter mix-

tures at 10 mol% ions). The calculated CD profiles from our MD simulations are shown in

Figure 2. An immediate, important observation is the occurrence of a minima in the capac-

itance profiles of the [BMIm+][TFSI�]-based electrolytes at the PZC. The MD simulations

are thus apparently able to reproduce this surprising feature of experimental capacitance

profiles of ionic liquids (e.g. Figure 1), which is often not captured by relevant double layer

theories/models.62,67{69 The predicted minimum at the PZC has a value of 3 - 4 �F/cm2 and

the capacitance increases at both positive and negative electrode potentials. The absolute ca-

pacitance value is in fair agreement with several measurements on solid metal electrodes,45,55

yet is lower than values measured on glassy carbon electrodes.48 Because our simulation uti-

lizes an ideal, model carbon electrode (graphene), quantitative discrepancies with experiment

are not surprising, and indeed we are primarily interested in comparing and rationalizing

qualitative trends in the voltage dependence. A further source of discrepancy is that we

do not consider capacitance contributions from “electron spillover” of the electrode surface,

which in general will lead to larger experimental capacitance values than predicted by our

simulations.72 We will provide a rationale for the observed minima in the capacitance profiles

(Figure 2) that is based on ion restructuring within the inner layer adjacent to the carbon

electrode surface.
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Comparison of the capacitance profiles of the three different electrolytes in Figure 2

demonstrates the effect of solvent dilution on the differential capacitance. While differ-

ences among electrolytes are indeed observed, the absolute capacitance values are more

similar for the pure [BMIm+][TFSI�]IL compared to its mixtures with acetonitrile and

dichloroethane, than has been observed experimentally;29 this is most likely due to our ide-

alized, model electrode not reproducing the surface roughness and morphology of glassy car-

bon electrodes. It is interesting and surprising that the [BMIm+][TFSI�]/dichloroethane and

[BMIm+][TFSI�]/acetonitrile electrolytes exhibit relatively similar capacitance profiles (Fig-

ure 2), despite the significant difference in dielectric constant of acetonitrile/dichloroethane

solvents. This finding is consistent with our previous work,100 in which it was found that the

inner layer capacitance of pure acetonitrile and dichloroethane solvents was quite similar at

carbon electrodes, despite the difference in dielectric constant.

The effect of solvent/dilution on the capacitance profiles of [BMIm+][TFSI�] electrolytes

depends on the applied potential region (Figure 2). An interesting solvent effect observed at

negative polarization (< -0.5 V) is that the [BMIm+][TFSI�]/dichloroethane electrolyte ex-

hibits slightly higher CD than either [BMIm+][TFSI�]/acetonitrile or pure [BMIm+][TFSI�].

One might expect the [BMIm+][TFSI�]/dichloroethane electrolyte to have the lowest capac-

itance of the three systems, as dichloroethane has a smaller solvent dielectric constant than

acetonitrile and the electrolyte has lower ion concentration than neat [BMIm+][TFSI�].

Apparently, however, the double layer capacitance does not intuitively correlate with sol-

vent dielectric constant or ion concentration in this case. Indeed, a previous experimen-

tal study reported that similar [EMIm+][TFSI�]/dichloroethane electrolytes exhibited sig-

nificantly higher capacitance than either [EMIm+][TFSI�]/acetonitrile mixtures or pure

[EMIm+][TFSI�]ionic liquid.29 At positive polarization, the trends in differential capaci-

tance for the three [BMIm+][TFSI�] electrolytes (Figure 2) are nearly inverted from that of

the negative polarization region. Furthermore, differences between electrolytes are more pro-

nounced, with the capacitance of [BMIm+][TFSI�]/dichloroethane electrolyte significantly
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lower by 2–3 �F/cm2 compared to both [BMIm+][TFSI�]/acetonitrile and pure [BMIm+][TFSI�]

ionic liquid, at positive polarization. This implies that the solvent effect on the inner region

of the double layer depends on whether the electrode is positively or negatively charged.
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Figure 2: Differential capacitance “CD” of [BMIm+][TFSI�]-based electrolytes at graphene
electrode as a function of electrode potential, plotted relative to the PZC.

To understand the shape of the capacitance profiles in Figure 2, the origin of the min-

ima at the PZC, and the solvent effects, we analyze the double layer structure at different

applied voltages. For the three [BMIm+][TFSI�]electrolytes, we compute density distribu-

tions of select functional groups of the ions and solvent molecules as a function of voltage.

We choose functional groups that are polar, non-polar, and/or correspond to the charged

portion of the ions, and analyze the distribution in close vicinity to the electrode surface.

For the BMIm+cations, we focus on the imidazolium ring (“–Im”) and butyl side chain

(“–C4H9”). For the TFSI�anions, we focus on the sulfonyl groups (“–SO2”) and the triflu-

oromethyl groups (“–CF3”). The density profiles for the functional groups of acetonitrile
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and dichlorothane molecules near the electrode are shown in Figure S8 and Figure S9 for

[BMIm+][TFSI�]/acetonitrile and [BMIm+][TFSI�]/dichloroethane solutions.

(a) (b)

(c) (d)

Figure 3: Functional group distribution profiles of interfacial TFSI�anions and
BMIm+cations at negative polarization of approximately (a)(b) -0.3 and (c)(d) -2.0 Volts
relative to PZC. For clarity, the density plots for –SO2 at -0.3 and -2.0 V are respectively
shifted by 0.008 and 0.006, and the plots for –Im are shifted by 0.006.

Figure 3 shows the functional group distributions near the electrode surface at negative

polarization of approximately -0.3 V and -2.0 V relative to PZC. The BMIm+cations and

TFSI�anions of the [BMIm+][TFSI�]electrolytes exhibit distinct interfacial structures near
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the negatively charged electrode. The magnitude of each peak in the functional group

distributions varies with electrolyte composition and applied voltage, indicating the relative

propensity of the type of interaction. For pure [BMIm+][TFSI�] ionic liquid, the –C4H9

groups of BMIm+and the –CF3 groups of TFSI�are in contact with the carbon electrode

surface. We term these associations “non-polar interactions”, as these functional groups

are prototypical non-polar moieties and the graphene electrode surface is also non-polar.

Furthermore, the strong Coulombic interactions within the bulk ionic liquid will tend to expel

such non-polar groups to a surface or interface, acting in analogy to the hydrophobic driving

force in water. At negative polarization, interfacial TFSI�anions tend to orient their –SO2

groups away from the electrode, which minimizes electrostatic repulsion while maintaining

non-polar contact of –CF3 groups with the graphene surface. At higher negative polarization

(-2.0 V), the –CF3 groups of anions are still structured near the graphene surface, although

the peak height is reduced by a factor of two.

For the acetonitrile and dichloroethane electrolytes, Figure 3 shows that the number of

BMIm+and TFSI�ions near the electrode are both significantly reduced compared with the

pure [BMIm+][TFSI�]ionic liquid. This is due to both lower ion concentration of the elec-

trolytes, as well as competing interactions between the solvent molecules and electrode sur-

face. Acetonitrile molecules structure with their –CH3 groups in contact with the graphene

surface (Figure S8), and dichloroethane molecules structure with their –Cl and –C2H2 groups

contacting the graphene surface (Figure S9). In particular, the non-polar interactions be-

tween dichloroethane and the graphene electrode dominate the interfacial interactions, lead-

ing to substantially reduced direct ion contact with the electrode at small absolute voltages

(Figure 3).

The increase in differential capacitance at negative polarization (relative to the PZC) for

all three electrolytes (Figure 2), is now understood from the analysis of the functional group

profiles in Figure 3. At the PZC, both cations and anions are in contact with the electrode,

with their non-polar functional groups (–CF3, –C4H9) closest to the electrode surface and
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their polar/charged functional groups (–SO2, –Im) farther away. At higher negative polar-

ization (-2.0 V), there is a clear shift in the cation functional group distribution, as the cation

–Im rings are pulled into direct contact with the negatively charged electrode surface (Figure

3d); this is the case for all electrolytes. This results in a build-up of positive charge density

within the inner layer close to the electrode (Figures S2-S4), leading to better screening and

enhanced capacitance. This observed structural rearrangement is consistent with that pre-

viously proposed by experimental electrochemical and spectroscopic characterization.40,53,75

For example, using SFG spectroscopy, Baldelli and coworkers have observed electric-field

induced, cation reorientation within the inner layer for imidazolium-based ionic liquids at

platinum,52{54,75 and graphene electrodes.77

The amount of net positive charge in the inner layer results from the balance of cation

and anion density, rather than the absolute number of cations at the electrode. This is

why, for example, the capacitance of neat [BMIm+][TFSI�]is lower at negative polariza-

tion than that of [BMIm+][TFSI�]/dichloroethane, despite there being a higher density of

cations near the electrode for the pure ionic liquid double layer. Figures S2-S4 show that the

dichloroethane-based electrolyte exhibits the highest, net positive charge within the inner

layer at small negative potential. This is largely a result of the very low concentration of

TFSI�anions within the inner region for the dichloroethane electrolyte. The strong non-polar

interactions of dichloroethane molecules with the graphene electrode out compete non-polar

interactions of the TFSI�anions (–CF3 groups) with the electrode, keeping the TFSI�anions

farther from the electrode surface. For [BMIm+][TFSI�]/acetonitrile, the distribution of

TFSI�near the negative electrode is intermediate between pure [BMIm+][TFSI�]ionic liquid

and [BMIm+][TFSI�]/dichloroethane, resulting in an intermediate net positive charge within

the inner region (Figure S2). Overall, the net absolute charge within the inner region (Figures

S2-S4) is much more similar for the three electrolytes than are the individual ion densities

(Figure 3), which explains the relatively similar capacitance values of the electrolytes (Figure

2).
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Simulation snapshots of the electrode interface for the different electrolytes at both neg-

ative/positive polarization are shown in Figure 4; this provides a visual depiction of the

functional group analysis presented in Figure 3. The discussed solvent “blocking” effect

is visually observed, with relatively few TFSI�anions in contact with the electrode sur-

face in [BMIm+][TFSI�]/dichloroethane compared to [BMIm+][TFSI�]/acetonitrile and neat

[BMIm+][TFSI�] electrolyte. The fewer number of TFSI� anions near the negative electrode

results from more dichloroethane molecules contacting the graphene surface through non-

polar interactions. As can be seen from the snapshots at positive electrode polarization,

similar competitive interactions between solvent/ions and electrode are also important at

the positive voltage regime, which we discuss next.
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(a)

(b)

Figure 4: Snapshots of [BMIm+][TFSI�]electrolytes near the electrode surface at approx-
imately (a) -2.0 and (b) +1.6 Volts relative to PZC. Orange: BMIm+cations. Green:
TFSI�anions. Black: acetonitrile or dichloroethane molecules. The color bar on the right
indicates the value of image charges (e) on each atom of the graphene electrode.

In Figure 5, we present a similar analysis of the functional group density distributions, but

now for positive electrode polarization. It is observed that within the [BMIm+][TFSI�]double

layers, there is a restructuring of TFSI�anions that occurs at higher positive potentials. As

discussed, at small absolute potentials (close to PZC) the –CF3 groups of the TFSI�anions

are in contact with the electrode, due to strong non-polar interactions with the graphene

surface. At larger positive potential, the interfacial TFSI� anions rearrange to position their

polar/charged –SO2 groups in contact with the positive electrode surface, which subsequently

reduces the surface density of non-polar –CF3 groups. This rearrangement of interfacial

TFSI� anions at positive potentials is similar to the rearrangement of interfacial BMIm+
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cations at negative potentials. As observed in Figure S4, this effect leads to a net increase in

magnitude of the total negative charge density within the inner layer closest to the electrode,

and is the reason for the increase in capacitance at larger positive potential.

The solvent “blocking” effect is also observed at positive electrode polarization, which

is qualitatively shown in the MD snapshots in Figure 4b, and quantified in the density

profiles in Figure 5. Similar to the negative polarization regime, there are significantly

fewer TFSI�anions near the positive electrode in the [BMIm+][TFSI�]/dichloroethane dou-

ble layers compared to [BMIm+][TFSI�]/acetonitrile and neat [BMIm+][TFSI�]. This is

because the interactions between TFSI�anions and the positive electrode are “blocked” by

the non-polar interactions between dichloroethane and graphene electrode (as discussed for

the negative polarization regime). While this effect provided a capacitance enhancement

at negative polarization, it leads to diminished capacitance at positive polarization for the

[BMIm+][TFSI�]/dichloroethane electrolyte compared to [BMIm+][TFSI�]/acetonitrile and

neat [BMIm+][TFSI�]. Evidently, such solvent effects can be rather subtle and complex,

with full understanding requiring the characterization of the differential capacitance profile

over a wide voltage range on either side of the PZC.
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(a) (b)

(c) (d)

Figure 5: Functional group distribution profiles of interfacial TFSI�anions and
BMIm+cations when the electrode is positively polarized at approximately (a)(b) +0.2 and
(c)(d) +1.6 Volts relative to PZC. For clarity, the density plots for –SO2 and –Im are shifted
by 0.006.

3.2. [BMIm+][BF−4 ]-based electrolytes

We now discuss the differential capacitance profiles of [BMIm+][BF�
4 ] based electrolytes.

Analogous to the [BMIm+][TFSI�]electrolytes (Section 3.1), we investigate the pure ionic liq-

uid [BMIm+][BF�
4 ], as well as [BMIm+][BF�

4 ]/acetonitrile and [BMIm+][BF�
4 ]/dichloroethane
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mixtures, with the latter at 10 mol% IL concentration. Figure 6 shows the differential ca-

pacitance profiles for the [BMIm+][BF�
4 ]electrolytes as a function of electrode potential.

Notably, local minima are observed at the PZC in the capacitance profiles of the pure

[BMIm+][BF�
4 ]ionic liquid as well as its mixtures with acetonitrile and dichloroethane. Away

from the PZC, the capacitance exhibits nonmonotonic behavior that differs for the three

electrolytes. For neat [BMIm+][BF�
4 ], our computed capacitance profile exhibits the same

“camel-shape” features that are often observed in experimental capacitance profiles of ionic

liquids, e.g. Figure 1. For example, the differential capacitance first increases at low abso-

lute voltage and two peaks occur near -0.5 and +0.5 volts, and then it decreases at greater

negative and positive potentials. Furthermore, the “camel-shape” profile is asymmetric,

with larger capacitance values at positive compared to negative polarization, as is typically

observed experimentally (Figure 1). While similar features were observed in our computed

profiles for the [BMIm+][TFSI�]electrolytes (Figure 2), the “peaks” are most well-resolved

for the pure [BMIm+][BF�
4 ] ionic liquid.
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Figure 6: Differential capacitance (CD) for [BMIm+][BF�
4 ]-based electrolytes at the graphene

electrode as a function of electrode potential.

Functional group density distributions near the electrode are shown in Figure 7 and

Figure 8 for negative and positive polarization respectively. These density profiles indicate

significant changes in the inner-layer composition of all three [BMIm+][BF�
4 ]electrolytes that

lead to the capacitance increase on either side of the PZC. At negative polarization, the

BMIm+cations in all three [BMIm+][BF�
4 ]electrolytes exhibit a sharp density peak of the

–Im group close to the electrode surface, driven by electrostatic attraction between the

positively charged imidazolium rings and negative electrode. As seen in Figure 7, there is

increasing structural rearrangement of BMIm+cations at increasing negative potential. At

high negative potential (e.g. -2.2 V), all close-contact BF�
4 anions are completely removed

from the electrode surface. While this structural rearrangement enhances the net positive

charge in the inner layer (Figures S5-S7) with initially increasing capacitance (CD) relative

to PZC, at higher negative potential the response becomes saturated and CD decreases.
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Figure 8 shows the restructuring of BMIm+functional groups and BF�
4 anions near the

electrode at positive polarization. For all three [BMIm+][BF�
4 ]electrolytes, the distribution

profiles for the –Im and –C4H9 groups of BMIm+cations change only slightly at polarization

above +0.2 V. A close contact peak at ∼ 3 Å is observed for the BF�
4 anions near the elec-

trode surface, that increases in magnitude with increasing positive potential. This increased

probability density of BF�
4 anions enhances the net negative charge in the inner layer (Figures

S5-S7), and explains the increase in the differential capacitance at small potentials positive

of the PZC. When the electrode polarization is beyond a threshold potential, the capaci-

tance of neat [BMIm+][BF�
4 ]shows a decrease with increasing positive polarization (Figure

6). For neat [BMIm+][BF�
4 ], most of the close-contact BF�

4 anions have already been pulled

into the inner layer at +0.2 V applied potential, with only moderate additional accumulation

+1.6 V (Figure 8). Thus further increase in electrode polarization does not substantially

change the distribution of inner layer ions, resulting in the dielectric saturation observed in

Figure 6. This saturation effect observed in our simulations is similar to that predicted by

theories/models of ionic liquid double layers.62,67{69

The [BMIm+][BF�
4 ]/acetonitrile and dichloroethane electrolytes exhibit somewhat differ-

ent capacitance behavior due to the presence of the solvent. While the BMIm+functional

group distribution at the electrode is relatively insensitive to voltage over the range -0.3

V to 1.6 V, this distribution is extremely dependent on solvent. In this voltage range,

there are prominent non-polar interactions between alkyl –C4H9 groups of BMIm+and the

graphene surface. When the pure [BMIm+][BF�
4 ]ionic liquid is diluted with acetonitrile

or dichloroethane solvent, there are competing non-polar interaction of solvent molecules

with the graphene surface, reducing the net affinity of cation –C4H9 groups for the elec-

trode. This solvent blocking effect leads to significantly reduced cation/anion density within

the inner layer of [BMIm+][BF�
4 ]/acetonitrile and [BMIm+][BF�

4 ]/dichloroethane electrolytes

compared to the pure ionic liquid (Figure 7 and 8). The effect is most pronounced when the

solvent is dichloroethane. For [BMIm+][BF�
4 ]/dichloroethane, there are practically no ions
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within the inner layer at small potentials of -0.3 V to +0.2 V, with ion accumulation in the

inner layer only occurring at higher absolute potentials. This is due to the strong non-polar

attraction and affinity of the dichloroethane molecules for the graphene electrode surface; a

consequence of this effect is the relatively low capacitance of [BMIm+][BF�
4 ]/dichloroethane

near the PZC compared to the other electrolytes. For [BMIm+][BF�
4 ]/acetonitrile, the dis-

tribution of cations and anions is not completely diminished because acetonitrile has weaker

non-polar interaction with the electrode than dichloroethane, and thus the capacitance is in

the middle between neat [BMIm+][BF�
4 ]and [BMIm+][BF�

4 ]/dichloroethane.
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(a) (b)

(c) (d)

Figure 7: Functional group distribution profiles of interfacial BF�
4 anions and BMIm+cations

near negative electrode at approximately (a)(b) -0.3 and (c)(d) -2.2 Volt. The density plots
for –Im at -0.3 and -2.2 V are shifted by 0.008 and 0.006 for clarity.
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(a) (b)

(c) (d)

Figure 8: Functional group distribution profiles of interfacial BF�
4 anions and BMIm+cations

near positive electrode at approximately (a)(b) +0.2 and (c)(d) +1.6 Volt. The density plots
for –Im at +0.2 and +1.6 V are shifted by 0.008 and 0.006 for clarity.

The solvent blocking effects in the [BMIm+][BF�
4 ]electrolyte double layers are visually

depicted with MD snapshots of the electrode interface in Figure 9. These snapshots show

the closest ions/solvent molecules to the electrode surface at relatively high negative and

positive potentials (∼ -2.2/1.6 V). It is clear that the number of ions in close contact with

the electrode surface is very dependent on the electrolyte composition. However, the total

net charge within the inner layer is much more similar for the different systems (Figures
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