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Abstract

Electric double layer capacitors (EDLCs) have drawn considerable attention

as energy storage devices due to their high capacitance. The differential ca-

pacitance (DC) of EDLCs is a function of electric potential because the

structure of electric double layer(EDL) is changed. In this thesis, depen-

dence of DC behavior on chemical structure of electrolyte is investigated

via molecular dynamics simulation.

In the first part, we investigate how the alkyl chain length of the cation

affects their interfacial structure and electrical properties for electric dou-

ble layer capacitors. As an electrolyte, we consider three different room-

temperature ionic liquids (RTILs), each of which is made up of the same

anion BF4
–, and different cations, 1-Cn(n=2,4,6)-3-methylimidazolium, re-

spectively. As a whole, cations and anions make layering structures between

two parallel electrodes. Cations in the nearest layer orient predominantly in

parallel to the electrode. Imidazolium rings of cations form π-stacking with

graphene, then the alkyl chains of cations align parallel to the electrode.

Differential capacitances in three RTILs are found to decrease with an in-

crease of the magnitude of electrode potentials. The ion size and orientation

affect both structure and capacitance behavior. The parallel orientations of

i



cations become stronger with an increase of the alkyl chain length for the

considered RTILs. The differential capacitance tends to decrease with rais-

ing the alkyl chain length over a wide range of the electrode potential. This

is ascribed to a steric effect caused by larger cation size. It is also found that

anodic capacitance is higher than cathodic one due to a higher screening

efficiency by small anions, and an asymmetry in the peak of capacitance bi-

ased to the cathodic side becomes weaker as the alkyl chain length increases.

Comparing electrode charge with ion numbers near the electrodes, with re-

spect to their changes in response to the electrode potential, we find that

the interfacial layer of the electrolyte mainly governs capacitive behavior of

our systems.

In the second part, charged functional group is systematically attached

to anion. Four different ionic liquids are considered as an electrolyte, each of

which is combination of the same cation 1-ethyl-3-methylimidazolium([emim]+),

and different, cyano-containing anions, thiocyanate ([SCN]–), dicyanamide

([N(CN)2]–), tricyanomethanide ([C(CN)3]–), and tetracyanoborate ([B(CN)4]–),

respectively. In particular we investigate how electric double layer structure

and electrical properties are affected by the structure of cyano containing an-

ions. Cations and anions make alternating structure near charged electrode.

Differential capacitances in four ionic liquids are found to have a maximum

value at negative potential. The maximum capacitances are comparable to

each other, but the corresponding potential shifts to the negative side as

more cyano groups are attached to the anion. Starting from the interfacial

layer, the effects of the further ionic layers on differential capacitance are

systematically investigated. Comparing charges of the electrode and those

of ionic layers, we find that differential capacitance behavior mainly stems
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from the ion exchange between electric double layer and bulk region. The

ion exchange behaviors are decomposed into cation and anion contributions.

The differential charging mechanisms of the system are strongly dependent

on the electric potential. The maximum capacitances are consequence of

rapid desorption of respective anions.

Keywords: electric double layer capacitor, room-temperature ionic liquid,

graphene electrode, alkylimidazolium, differential capacitance, inter-

facial structure, electric double layer structure, charging mechanism,

molecular dynamics simulation

Student Number: 2010-20294
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Chapter 1

Overview

1.1 Capacitors

Capacitor is an electric device which stores energy in electric field. Capaci-

tance C is the ability of a capacitor to store charge Q with respect to electric

potential V .

C =
Q

V
(1.1)

The total energy W stored in the capacitor is

W =

∫ Q

0
V (q)dq =

∫ Q

0

q

C
dq =

Q2

2C
=

1

2
CV 2 (1.2)

Capacitor with larger capacitance stores more energy when the electric po-

tential V is given. Dielectric materials are commonly inserted in between

two electrodes to enlarge the capacitance. Such capacitor store more charge

because dielectric molecules in Figure 1.1 are polarized and the electric field

of the electrode is weakened.
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Figure 1.1: Schematic representation of a capacitor with dielectric mate-

rial. Red: positive charge, Blue: negative charge, Green: electric field line,

Orange: dielectric material.
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1.2 Electric double layer capacitors

Electric double layer capacitor(EDLC) is a noble class of supercapacitors

which have 10 to 100 times capacitance as conventional capacitor. [1] When

electrolytes are inserted in place of dielectric material, mobile ions are

rearranged. Alternating layers of counterions and coions, electric double

layer(EDL) is formed near a charged electrode.[Figure 1.2] The size of

EDLCs can be reduced up to nanometer scales as the EDL efficiently screens

the electric field only in 20-30 Å from the electrode. As the EDL structure

changes with respect to the electric potential, capacitance is also a function

of electric potential. Differential capacitrance(DC) c thus has been measured

and studied for EDLC systems.

c =
∂Q

∂V
(1.3)
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Figure 1.2: Schematic representation of an electric double layer capacitor.

Counterions are accumulated near charged electrodes. Red: positive charge,

Blue: negative charge.
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1.3 Shape of DC curves

The dependence of differential capacitance on electric potential has been

widely investigated for EDLC systems. Theoretical studies have given dif-

ferent explanations of DC behaviors as a function of electric potential. Mean

field theory introduced the lattice saturation effect [2–4] in which capacitance

decreases at high potential region because electric double layer is thickened.

DC behavior at intermediate potential is dependent on ion concentration.

In the case of low concentration ions are actively rearranged at intermedi-

ate potential and capacitance increases. Two maxima of camel-shaped DC

curve [5–14] are formed at positive and negative potentials. At high ion con-

centration DC curve is bell-shaped [5–7,15–17]. The capacitance monotonically

descreases from the potential of zero charge(PZC) because the ion rearrange-

ment at intermediate potential is insignificant. An alternative explanation of

camel-shaped DC is provided by Monte Carlo simulation study with coarse-

grained model of ILs. [6,18] Charge neutral chains of cations aggregate each

other and form “latent voids” at low potential. Charged beads replace latent

voids at intermediate potential and capacitance maxima are generated. Ad-

ditionally, self-consistent mean field theories state that camel-shaped DC

curve is a consequence of higher permittivity near a charged electrode. [5,8]
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1.4 Ionic liquids

Ionic liquids(ILs) are organic salts which are in the liquid phase without any

solvents. They have been proposed as environmentally benign solvents be-

cause they have negligible vapor pressures, they solvate both polar and non-

polar solutes, and they are easy to recycle. Due to their wide electrochemical

window and high ion conductivity, ionic liquids have attracted various elec-

trochemical applications, namely electrodeposition, batteries, dye-sensitized

solar cells, and supercapacitors. [19] Another notable characteristic of ILs is

various combinations of cations and anions. [20] Chemical structure of ion

has been systematically tuned and its effect on liquid properties has been

widely investigated.
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Part I

Effects of Alkyl Chain Length

in Cation on Interfacial

Structure and Differential

Capacitance
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Chapter 2

Introduction

Room-temperature ionic liquids (RTILs) have unique physicochemical prop-

erties such as high ion conductivity, high electrochemical and thermal sta-

bility, which allows superior performance over conventional solvents for elec-

trochemical applications. [21] In the past decades, RTILs have been investi-

gated as key solvents for electrodeposition, batteries, supercapacitors, and

dye-sensitized solar cells. [19] Interfacial properties of the RTILs are one of

the most important factors for their surface-dependent electrochemical ap-

plications. A number of experimental and computational efforts have been

made to obtain insights on their interfacial behaviors. Recent theoretical

and computational studies of the interfacial systems [5–9,22–34] have offered a

microscopic understanding on the electric double layer structure and associ-

ated dynamics, and capacitive properties of RTILs as electrolytes in electric

double layer capacitors (EDLCs).

Electrode as well as electrolyte plays an important role in building

EDLCs. A wide variation of carbon-based materials have been proposed

and applied as electrodes. Graphene, a planar allotrope of carbon, has drawn
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considerable attention since its discovery because it is chemically stable and

mechanically flexible, and has large surface area and high conductivity of

heat and electron. [35] Especially, extensive computational research has been

dedicated to graphene due to its well-defined chemical structure. [36]

Many studies on EDLCs have devoted their attention to the shape of the

differential capacitance curve with respect to the applied electrode poten-

tial for RTIL electrolytes. Experimental and theoretical studies have char-

acterized capacitance behaviors of the RTILs as either camel-shaped [5–14]

or bell-shaped [5–7,15,16] differential capacitance (DC) curves. A “lattice sat-

uration effect” [2–4] on the capacitance was taken into account such that an

electric double layer becomes thicker and thus the capacitance decreases

with the electrode potential increasing. This accounts for the decreasing

capacitance behavior from the local maxima in DC curves for RTILs. The

potential difference between the local maxima in the camel-shaped capaci-

tance curve becomes narrower with increasing ion concentration, resulting

in a transition into a bell-shaped one at which the maximum occurs at po-

tential of zero charge (PZC).On the other hand, Monte Carlo simulation

studies reported a camel-shaped DC for a coarse-grained model of RTILs

with neutral chain. [6,18] Neutral beads in cations first act as “latent voids”

at low electrode potentials, and are replaced by charged beads at moderate

electrode potentials. [18] In addition, a self-consistent mean field model was

developed in which the permittivity depending on the distance from the

electrode surface is responsible for the camel-shaped capacitance curve. [5,8]

Experimental measurements on DCs for EDLCs have provided diverse

results even though the same ionic species and electrodes are considered.

For example, for the imidazolium-based tetrafluoroborate RTILs, U-shaped
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DC curves were observed at glassy carbon and highly oriented pyrolytic

graphite (HOPG) electrodes, [37,38] while camel-shaped DC curves at glassy

carbon electrodes were found. [10] On the other hand, bell-shaped DC curves

were observed for 1-butyl-3-methylimidazolium tetrafluoroborate at the gold

electrode. [15] Molecular dynamics (MD) simulation studies on DC curve in

RTILs have also been reported for the graphite electrodes. A U-shaped

capacitance curve was observed over a limited potential range of -1.5 1

V in 1-butyl-3-methylimidazolium nitrate, [23] while camel-shaped capaci-

tance curves were found in alkylimidazolium RTILs with a hydrophobic

bis(trifluoromethanesulfonyl)imide ([TFSI]–) anion. [7,14]

Differential capacitance is affected by various factors such as effective

permittivity and dispersion force in RTILs, [6,39] topology and material of

electrodes. [7,12,14,31,40–45] Among other things, the alkyl chain length in

imidazolium-based cations of RTILs can have a great influence on elec-

trolyte properties for EDLCs such as viscosity, conductivity and capaci-

tance. On the whole, as the alkyl chain becomes longer, the viscosity gets

larger while the conductivity smaller in imidazolium-based RTILs due to

an enhanced steric hindrance. [14] It was found that RTIL electrolytes with

longer alkyl chain length provide lower differential capacitances for vari-

ous electrodes. [14,16] Although there have been numerous studies on RTIL-

electrode interfacial systems, microscopic understanding of the capacitance

behavior of the system is far from clear. In this article, we pay attention

to the effect of the alkyl chain on structure and differential capacitance at

the graphene electrode, employing various imidazolium-based RTILs with

tetrafluoroborate anion.

The outline of this part is as follows: We first give in Chapter 3 a brief
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description of the model system and simulation methods employed in this

part. MD results are compiled in Chapter 4, where interfacial structures and

differential capacitances of EDLC systems, comprising two graphene sheets

and 1-Cn(n=2,4,6)-3-methylimidazolium tetrafluoroborate ionic liquids, are

analyzed to examine their variations with alkyl chain length. Concluding

remarks are given in Chapter 5.
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Chapter 3

Models and Methods

The simulation cell comprised 256 pairs of an imidazolium-based RTIL

confined between the parallel graphene plates [Figure 3.1]. Three different

RTILs, 1-ethyl-3-methylimidazolium tetrafluoroborate ([emim]+BF4
–), 1-

butyl-3-methylimidazolium tetrafluoroborate ([bmim]+BF4
–) and 1-hexyl-

3-methylimidazolium tetrafluoroborate ([hmim]+BF4
–) were employed as

RTILs. Each electrode was modeled as a rigid and flat layer of 448 sp2-

hybridized carbon atoms, i.e., a single graphene sheet, with dimensions

34.3×34.0 Å2. For convenience, we employed a Cartesian coordinate sys-

tem, where the graphene electrodes at z = ±z 0 span the xy-plane (–x 0 <

x < x 0, –y0 < y < y0) and its normal defines the z -direction. Electrode

separation d (= 2z 0) was fixed to be 66 Å for [emim]+BF4
– of which density

was determined previously using NPT ensemble simulation at 350 K and

1 atm. [29] Electrode separations for the other two RTILs were adjusted to

reproduce the ratios in their experimental bulk densities, [46–48] the values

of which are 78 and 91 Å for [bmim]+BF4
– and [hmim]+BF4

–, respectively.

Flexible all-atom force fields [49,50] were used for cations. Partial charge and
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Figure 3.1: Snapshot of one of our systems. Yellow: anode with charge Qe =

+8e, Blue: cathode with the opposite charge, Red: [emim]+ cation, Green:

BF4
– anions. Ions in the interfacial layers are highlighted. We can see that

a charged electrode attracts counterions and expels coions.
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force field description for BF4
– anion were taken from the ref46 and47,

respectively. Surface charge densities at the electrodes were varied in the

total charge Qe from 0 to ±8.5 e, with a uniform increment of 0.5 e, where

e is an elementary charge. Electronic polarizability for both the graphene

and electrolytes was ignored in our present study. [26] The Lennard-Jones

parameters employed for C atoms of the graphene were ε = 43.2 K and

σ = 3.4 Å. [51] During the simulations, the graphenes were held rigid with

carbon-carbon bond length of 1.42 Å.

All production runs were conducted with Nosé-Hoover thermostat at

350 K using the GROMACS program. [52]The long-range electrostatic inter-

actions were computed via the Particle Mesh Ewald method with correction

for slab geometry, [53] resulting in essentially no truncation of these inter-

actions. The trajectories were integrated via the Verlet leapfrog algorithm

using a time step of 1 fs. Five independent equilibrium simulations were

carried out with 10 ns equilibration, followed by a 10 ns production run

from which ensemble averages were computed.
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Chapter 4

Results and Discussion

4.1 Interfacial Structure

We examine the structure of RTILs confined between two parallel graphene

electrodes. Number density distribution nα(z) of center of mass of the ion

species α defined by

nα(z) = A−10

∫ x0

−x0

∫ y0

−y0
dx′dy′nα(x′, y′, z);A0 = 4x0y0 (4.1)

was calculated, where A0 is the surface area of the graphene electrode. The

average ion densities nα(z) according to variations with alkyl chain are

displayed in Figure 4.1. We first consider the results for [emim]+BF4
– [Fig-

ure 4.1 (a)]. Cations and anions make a strong solvent layer in a distance of

Δz ≤ 6 Å from the electrode surface, followed by a significant fluctuation

along z, regardless of the electrode charge density. This indicates that on av-

erage ions form layered structures near flat surfaces. [7,9,23,25,26,33,34,54–56] For

the neutral charge density with Qe = 0 in the bottom panel, the maximum

distributions for [emim]+ and BF4
– ions in the first solvent layer occur at z

17



Figure 4.1: Number density distribution functions nα(z) of cations and an-

ions in three RTILs; (a) [emim]+BF4
–; (b) [bmim]+BF4

–; (c) [hmim]+BF4
–.

The cation and anion number density distributions are represented by red

and green curves, respectively. The locations of the electrode are indicated

by yellow blue (anode) and blue (cathode) vertical lines. Counterions are

abundant in the first layer of a charged electrode. Plots are shifted up as

total electrode charge Qe increases from the bottom to the top panel.
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= 3.8 and 4.0 Å. The cation is located slightly closer to the electrode due to

the π-stacking formation between the cation and the electrode. [28,57] Similar

features are exhibited also in nα(z)’s of [bmim]+BF4
– and [hmim]+BF4

– in

Figure 4.1 (b) and (c). Imidazolium-based cation has a better affinity to the

graphene electrode compared to BF4
– anion.

For the charged electrodes cases, nα(z) in [emim]+BF4
– are also shown

in Figure 4.1 (a). As the electrode becomes more positively charged, the

first peak in the solvent layers by BF4
– becomes higher and narrower at Δz

= 3.6 Å, while [emim]+ at Δz ≤ 5 Å are gradually expelled from the anode

and move into the second peak of the double-layered first shell. Beyond the

total charge Qe ≥ 7e, the first single solvent layer by [emim]+ is built up dis-

tinctively from that by BF4
–, generating an alternating structure between

the cations and anions. In the opposite case for the negatively-charged elec-

trodes, i.e., cathodes, as we increase the electrode charge density, the first

solvent layer structure by [emim]+ becomes stronger without change of their

maximum location, followed by forming the solvent layers by anions. How-

ever, larger cations, especially [hmim]+, make a double-layered structure

in the first solvent shell for the negatively-charged electrodes. This is due

to their steric effect exerted by larger cations. Analogous to the interfacial

structures between the anode and cations, anion structure at the cathode

becomes weaker and more distant with increase of the electrode charge.

To gain more insight into the interfacial solvent layer, orientations of

the cations to the electrode surface are analyzed. Probability distributions

P(θc) of the chain angle θc between the surface normal vector and alkyl chain

vector of the cation in the first solvent layer were examined. A schematic

illustration is presented in Figure 4.2: the chain vector is defined as one

19



Figure 4.2: Schematic representation of the chain angle θc and the dihe-

dral angle θd in [bmim]+. Yellow: graphene electrode, Black: surface normal

vector, Red: chain vector, Green: chain angle θc, Blue: dihedral angle θd.
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from the carbon connected to the imidazolium ring to the terminal methyl

carbon. The angle distributions P(θc) obtained in three RTILs are displayed

in Figure 4.3. Regardless of the electrode charge density, the maximum

position of P(θc) occurs at about 90◦ because cations tend to align in parallel

to the electrode surfaces. As we increase alkyl chain length from [emim]+ to

[hmim]+, the peak distribution in P(θc) becomes higher and narrower. This

reveals that π-stacking of the imidazolium ring [57] and parallel alignment

of the alkyl chain to electrode represent the most probable orientation of

cations in the interfacial region. [58]

To reveal interfacial orientations of [bmim]+ and [hmim]+ more clearly,

probability distributions P(θd) of dihedral angles for alkyl chains were also

calculated in the first solvent layers and, compared to those in bulk. Fig-

ure 4.4 (a) and (b) show P(θd) obtained in [bmim]+BF4
– and [hmim]+BF4

–,

respectively. We note that [bmim]+ and [hmim]+ prefer an anti conforma-

tion, that is, an extended structure of the alkyl chain, to a gauche confor-

mation, regardless of the electrode charge density. This supports an idea

that our alkylimidazolium cations orient almost in parallel with graphene

electrodes, which is consistent with experimental studies with carbon [58]

and gold electrodes. [59] Snapshots in Figure 4.5 show representative con-

figurations of cations in the first solvent layers in the presence of neutral

electrodes.

Turning to P(θc) in Figure 4.3, we examine the chain angle distribu-

tion with respect to electrode charge. As the anode becomes more positive,

all three cations show broader distributions in P(θc). Because cations tend

to be expelled from the anode as shown in Figure 4.1, the orientation of

the alkyl chain is much less influenced by confinement. On the other hand,
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Figure 4.3: Angle probability distributions P(θc) between the surface normal

vector and alkyl chain vector of the cation, obtained in (a) [emim]+BF4
–,

(b) [bmim]+BF4
– and (c) [hmim]+BF4

– at 350K. The chain vector is defined

as one from the carbon connected to the imidazolium ring to the terminal

one and their normalization satisfies
∫ π
0 P(θc)sinθcdθc = 1.
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Figure 4.4: Probability distributions P(θd) of the dihedral angle in the alkyl

chain connected to the nitrogen of the imidazolium ring in (a) [bmim]+BF4
–

and (b) [hmim]+BF4
– at 350K. Results for cathode and anode were obtained

with Qe = ±2e. P(θd) is normalized by
∫ 2π
0 P (θd)dθd = 1.
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Figure 4.5: Snapshots of alkylimidazolium cations in the first solvent layer

from the neutral electrodes, obtained in (a) [emim]+BF4
–, (b) [bmim]+BF4

–,

and (c) [hmim]+BF4
– at 350 K.

electrostatic interaction and π-stacking make strong confinement of cations

near cathode and the parallel alignment of alkyl chains are more favored.

The distribution of parallel orientations at ~90◦ is enhanced while P(θc) in

other regions diminish as the cathode becomes more negative. Such depen-

dences are more profound in the cation with longer alkyl chain. [emim]+

show another peak structures in P(θc) at 20-30◦ and 140-160◦ with smaller

probabilities besides the dominant orientations around 90◦. As the anode

becomes more positive, cations show broad distributions in P(θc) beyond

the region of 80-120◦ . On the other hand, as the cathode becomes more

negative, the distribution of parallel orientations at ~90◦ is enhanced while

P(θc) decreases in the region of 120-160◦. For [bmim]+ and [hmim]+ in Fig-

ure 4.3 (b) and (c), P(θc) at θc ≥ 130◦ tends to diminish and the alkyl
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chains of them aligns toward the liquid region rather than toward the elec-

trode surface, except that main parallel orientations. This is attributed to

steric effect by alkyl chain caused by strong π-stacking formation of the

imidazolium ring in the confined system. Another noteworthy feature is

that P(θc) for [hmim]+ has a considerable distribution in the region of 30-

60◦ even for the highly charged cathode (Qe ≤ -6e) and exhibits a shoulder

structure. This arises from the double-layered structure in the first solvent

layer of [hmim]+ ions [Figure 4.1 (c)] near the electrode with highly positive

surface charge.

4.2 Electric Potentials and Differential Capacitances

Average charge density distribution ρα(z) is considered as

ρα(z) = A−10

∫ x0

−x0

∫ y0

−y0
dx′dy′ρα(x′, y′, z), (4.2)

where ρα(x′, y′, z) is the local charge density arising from the atomic charge

distribution of ionic species α. The results for ρα(z) in three RTILs are ex-

hibited in Figure 4.6. Close to the electrode, both cation and anion charge

densities show rapid oscillations, which disappear in within 10 Å. This mul-

tiple charge layered structure is coincident with results obtained in different

RTILs. [7,9,12–14,25,27,60,61] It is notable that the average charge density con-

verges to the plateau faster, compared to layering structures of the ions in

nα(z).

An electric potential between two parallel electrodes is calculated by
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Figure 4.6: Charge density distribution functions ρα(z) in three RTILs; (a)

[emim]+BF4
–; (b) [bmim]+BF4

–; (c) [hmim]+BF4
–. The cation, anion and

total charge density distributions are represented by red, green, and pur-

ple curves, respectively. Plots are shifted up as total electrode charge Qe

increases from the bottom to the top panel.
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integration of Poisson equation,

Φα(z) = −4π

∫ z

0
dz′(z − z′)ρα(z′), (4.3)

where ρα(z) is the average charge density obtained in Eq. (4.2). Total electric

potential between the electrodes, considered as

Φtotal(z) = Φcation(z) + Φanion(z) + Φelectrode(z), (4.4)

are shown in Figure 4.7 for three RTILs. Noteworthy is that potentials of

zero charge (PZC) with respect to the bulk region turn out to be positive for

three RTILs. This is consistent with our previous studies. [28] The interfacial

configuration [Figure 4.1] of cations adjacent to the electrode gives rise to

their higher number density and thus larger affinity compared to BF4
– ions.

This feature was ascribed to the π-stacking structure between the imida-

zolium ring and graphene surface. [57] The PZC increases with alkyl chain

length, and the obtained values are 0.11, 0.19 and 0.26 V for [emim]+BF4
–,

[bmim]+BF4
– and [hmim]+BF4

–, respectively. It discloses that three imida-

zolium cations have greater affinity than BF4
–, the extent of which becomes

the most considerable in [hmim]+.

For the charged electrodes, Φtotal(z) rapidly drops Δz ≤ 4 Å and be-

comes essentially constant for Δz ≥ 20 Å. Indicating that RTIL ions form

effectively an electric double layer within Δz ≤ 20 Å and efficiently screens

the electric field generated by the electrode surface charges. The ΔΦtot is

divided into anodic and cathodic potential difference of half cells ∆Φhalf

with respect to PZC.

∆Φhalf = Φelectrode − Φbulk,∆Φtot = ∆Φ
(+)
half − ∆Φ

(−)
half, (4.5)
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Figure 4.7: Electric potential Φtotal(z) in three RTILs; top: [emim]+BF4
–;

middle: [bmim]+BF4
–; bottom: [hmim]+BF4

–. Yellow: anode, Blue: cathode.
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In the inset of Figure 4.8, ∆Φhalf increases almost linearly with electrode

surface charge. Nonetheless, we focus on their differential behavior of surface

electrode charge as a function of ∆Φhalf, that is, differential capacitance

(DC) c defined as

c =
∂Qe

A0∂∆Φhalf
(4.6)

The differential capacitances were evaluated by the analytical derivative of

the parabola fits for Qe - ∆Φhalf plots, considering 29 windows with 7-9 data

points in ∆Φhalf. The DC curves for three systems are shown in Figure 4.8.

We find that all three RTILs provide a bell-shaped DC curve, in which

c monotonically decreases with increase of ∆Φhalf. This is an outstanding

characteristic in RTILs for EDLCs, accounted by “lattice saturation” [2–4]

with increasing the electrode potential. This accounts for the decreasing

capacitance behaviors from the local maxima in DC curves for RTILs. Our

results agree with both theoretical studies of model systems [5,6] and experi-

mental studies on systems with alkylimidazolium cation. [15,16] On the other

hand, camel-shaped curves have also been reported in other studies. [6–14]

Difference between the ion densities associated with temperature may give

rises to the discrepancy. [44] Electronic polarizability of the electrode ignored

in our study can be also one of the factors to explain the discrepancy as a

missing nonlinear behavior occurring in their electric double layers for small

electrode potentials. [62,63]

We examine the influence of the alkyl chain length on capacitance. The

maximum c occurring around PZC is found to decrease as the chain length

increases. This is in accordance with recent experimental findings that spe-

cific capacitance depends on the size of both cations and anions and de-

creases with increasing the ion size. [10,16] The corresponding value of ∆Φhalf
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Figure 4.8: Differential capacitances c and electrode charge Qe as a function

of ∆Φhalf, obtained in [emim]+BF4
–, [bmim]+BF4

– and [hmim]+BF4
– at

350K.
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shifts from the negative to the positive: -0.24, 0 and 0.12 V for [emim]+BF4
–,

[bmim]+BF4
– and [hmim]+BF4

–, respectively. The cathodic capacitances of

three systems decrease fast as the cathode is more highly charged. At high

negative potential(∆Φhalf < −1.3 V), the relation between capacitance and

alkyl chain length is reversed: RTIL with longer alkyl chain shows larger

capacitance.

An anodic capacitance is slightly higher than cathodic one in [bmim]+BF4
–

and [hmim]+BF4
–. This feature between the cathodic and anodic capaci-

tances was also found in other RTILs. [37,64] On the average, BF4
– anions

better shield the anode over the wide range of ∆Φhalf due to their smaller ion

size compared to [bmim]+ and [hmim]+. This is also found in [emim]+BF4
–

for the moderate and high ∆Φhalf. However, in the range of small ∆Φhalf

(-0.5V ≤ ∆Φhalf ≤ 0), [emim]+BF4
– gives exclusively high cathodic ca-

pacitance; even higher than anodic counterpart. This finding is somewhat

surprising considering efficiency in screening associated with their ion size:

the cation is bigger than the anion. Ref30 has shown explicitly the screen-

ing ability of each ion separately in ionic liquid EDLC systems. For small

cathodic ∆Φhalf, the screening efficiency arising from the π-stacking of the

imidazolium ring becomes more prominent in [emim]+BF4
–.

4.3 Ion Accumulation in the Interfacial Layer

The bell-shaped behavior of DC has two major aspects: ‘single maximum’

and the “lattice saturation”. To understand DC behaviors according to the

∆Φhalf, we consider the ion number difference ∆N in the first layer defined
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Figure 4.9: Electrode charge Qe and ion number difference ∆N in three

RTILs; (a) [emim]+BF4
–;(b) [bmim]+BF4

–; (c) [hmim]+BF4
–. ∆N has two

values at ∆Φhalf = 0. 32



as

∆N = Nanion −Ncation;Nα = A0

∫ first layer

electrode
dz′nα(z′), (4.7)

which has similar dependence with that of Qe: monotonic increase with

electrode potential. The ∆N and Qe are displayed in Figure 4.9. The fact

that ∆N is comparable to twice Qe for all charged electrodes confirms

overscreening behavior by effective counter-ions in the first layer, followed

by compensations of the alternating layers. [65]

Employing this new property in place of Qe, we follow the same analysis

protocol. We define differential ion capacity (DIC) R in the first layer as

R =
∂δ∆N

∂∆Φhalf
, (4.8)

and compare with DC for each kind of systems in Figure 4.10 (b)-(d). As

we can see from Figure 4.9, ∆N is not uniquely defined at zero potential.

We thus introduced δ∆N for smooth differentiation, of which definition

is explained in Appendix A. The location and the width of peaks show

good match between DC and DIC for [bmim]+ and [hmim]+ systems. The

decreasing patterns from the maximum are also similar to each other. Es-

pecially, short increases at +1.1 V in [bmim]+ system [Figure 4.10 (c)] and

ruggedness of curves in [hmim]+ system [Figure 4.10 (d)] are outstanding.

We infer from these consistencies that the first feature of bell-shaped DC is

generated by the ion accumulation in the nearest layer.

The “lattice saturation” effect on DIC is less pronounced than on DC.

The former changes upon electrode potential more drastically than the lat-

ter, and the range of potential that the changes occur is broader in the

former. There must be some other effects in action to generate the “lattice

saturation” effect. Screening by further layers is a probable candidate. [30]
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Figure 4.10: (a) Differential ion capacity R as a function of ∆Φhalf, ob-

tained in three RTILs. Differential capacitance c and differential ion capac-

ity R are compared for each system; (b) [emim]+BF4
–; (c) [bmim]+BF4

–;

(d) [hmim]+BF4
–.
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Despite some discrepancies above, however, we note the similarities between

overall patterens of DC and DIC.

We then compare anodic and cathodic DIC. Overall behaviors are con-

sistent with DC in that R is higher at positive potential. The cathodic R

decreases faster and becomes lower than anodic counterpart as the potential

is lowered further. With these consistencies between DC and DIC, we can

draw more detailed picture of capacitive behaviors in our systems. Smaller

BF4
– anions accumulate near anode more effectively and thus shield more

potential than the cations at cathode. Exceptional case is [emim]+ cation at

low negative potential, in that we can see from DIC curve that the cation

is more sensitive to electrode potential at this range of voltage. A com-

plete picture of ion accumulation would be more complex, not only due to

ion size, but also other factors, such as ion shape, charge distribution, and

orientation as well as specific interaction with electrode. [66]

We compare R of all three systems in Figure 4.10 (a). DIC shows similar

dependence on alkyl chain length with DC. First, the maximum R decreases

with increasing alkyl chain length. Second, the potential of maximum DIC

shifts to positive side: -0.24, 0 and 0.25 V for [emim]+BF4
–, [bmim]+BF4

–

and [hmim]+BF4
–, respectively. Reversed dependence on alkyl chain length

at high negative potential is also observed in DIC.
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Chapter 5

Conclusions

We explored interfacial structure and differential capacitance behavior of

imidazolium-based RTILs with BF4
– anion between two parallel graphene

electrodes via MD simulations, and the dependence of alkyl chain length

in cations were studied with [emim]+, [bmim]+, and [hmim]+. Cations and

anions in our RTILs make a layering structure over a wide range of electrode

potential. Both imidazolium ring and alkyl chain of the cation in the first

solvent layer have a tendency to be oriented parallel to the electrode surface

and the extent of the latter becomes stronger with increase of their length.

Differential capacitance curves in three RTILs were found to be bell-shaped

decreasing with increase of the electrode potential. We found that [emim]+

BF4
– makes distinctively higher cathodic capacitance in the range of low

electrode potential, whereas anodic capacitance was higher for the most

other cases in our RTILs due to screening efficiency by small anions.

We conclude by presenting a perspective on performance of the capac-

itors of our RTILs and our rationale for their different behavior in capaci-

tance. It was presented in this part that differential capacitance decreases
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with increasing the alkyl chain length over the wide range of the potential.

The simulation results of our study, combined with previously reported ex-

periment results, representing conductivity decreasing from [emim]+BF4
–

to [hmim]+BF4
–, [67,68] suggests that the RTILs with shorter alkyl chain

provides better performance as an electrolyte for EDLC. A plausible pic-

ture for different capacitance behaviors of the three RTILs was given in

terms of liquid structure. We demonstrated that the ion accumulation in

the nearest layer makes major contribution to some aspects of capacitance

behavior, such as peaks of DC curves as well as their overall trends. The

other aspects that the above scheme is inapplicable to may be subject to a

potential screening by further layers of RTIL electrolyte. In the future study,

it is worthwhile to examine capacitive responses of ionic layers further upon

electric double layer and detailed molecular effects in them, paid attention

to the effect of the alkyl chain.
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Part II

Effects of Cyano-Group in

Anion on Differential

Capacitance and Charging

Mechanism
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Chapter 6

Introduction

Electric double layer capacitors (EDLCs) are promising devices used for

energy storage due to their high capacitance, which can be achieved by

a distinctive interfacial structure, electric double layer (EDL) formed at

the electrode. Ions in electrolyte of EDLCs, where ionic liquids (ILs) as

well as aqueous electrolytes are commonly used, in contrast to dielectric

materials, screen the electrode charges completely at sub-nanometer length

scale to form a prominent EDL, with which the electrode can store more

charges [1,69]. The structure of EDL thus crucially affects the capacitance,

with a change of the stored charges in response to the external electric

potential [2,17,70].

Much research on EDLCs has been dedicated to understanding of the

dependence of differential capacitance (DC) on electrode potential. To ex-

plain DC behaviors, different theoretical approaches have been made. Bell-

shaped [5–7,15–17] and camel-shaped [5–14] curves are explained by a mean field

theory with “lattice saturation effect” [2–4,70] in which capacitance decreases

as the electrode potential increases because electric double layer is thick-
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ened. As ion concentration increases, two maxima in camel-shaped DC get

closer and eventually merge into single maximum of bell-shaped curve which

is located at potential of zero charge (PZC). Monte Carlo simulation studies

provide an alternative explanation of camel-shaped DC based on a coarse-

grained model of ILs with neutral chain [6,18]. Neutral beads form “latent

voids” near PZC. Maxima of DC at an intermediate potential are generated

by replacement of “latent voids” by charged beads. In addition, the self-

consistent mean field models explain the camel-shaped DC curve with the

dependence of permittivity on the distance from the electrode surface [5,8].

Experimental studies of EDLCs have reported varied shapes of DC

curves, even for the cases with the same set of electrolyte and electrode

material. For the imidazolium-based ionic liquids, the camel-shaped DC

curves were observed at glassy carbon electrode [10], but U-shaped curves

were found in the case of glassy carbon [37], highly oriented pyrolytic graphite

(HOPG) [38], and graphene electrodes [71]. ILs with 1-ethyl-3-methylimidazolium

cation with different anions show camel-shaped curves [72]. On the other

hand, bell-shaped [15] and U-shaped [73] curves were reported for 1-butyl-3-

methylimidazolium tetrafluoroborate at the gold electrode.

To elucidate the microscopic picture of capacitance behavior of the sys-

tem, both experimental [74–77] and simulation [7,30,40,78,79] studies have paid

attention to charging mechanism of ions. Various mechanisms have been re-

ported, namely anion-dominated [30,77–79], cation-dominated [30,40], counterion-

dominated [7], and equally-contributed [74,75]. The charging mechanisms of

the systems have even been found to be a function of electric potential [7,30,40,76–79].

In spite of the great number of investigations of IL-electrode interfacial

systems [5–17,27–30,37,38,40,71,73–79], relation between charging mechanism and
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differential capacitance is still unclear.

Ionic liquids are engineered ionic materials which stay in the liquid

phase at ambient temperatures, and are commonly employed as electrolytes

in EDLCs due to their high ion conductivity and electrochemical stabil-

ity [1,20,69,70]. Rather recently developed and alternative to conventional elec-

trolytes, ILs have unique properties such as non-volatility, non-flammability,

solubility of both polar and nonpolar solutes, and easy recycling. Another

remarkable feature of ILs is their enormous diversity generated by combi-

nations of different cations and anions [20]. Often composed of organic ions,

such combinations have been expanded by chemical tuning of ion struc-

tures [80,81].

Among the variety of ILs, the cyano-based have unique properties and

have attracted different kinds of applications. Some liquids were suggested as

possible solvent material for extractive distillation due to their high selectiv-

ity and reasonable solubility such as tetracyanoborate([B(CN)4]–)-based ILs

and 1-ethyl-3-methylimidazolium dicyanamide ([emim]+[N(CN)2]–) for aro-

matic/nonaromatic and ethanol/water separation, respectively [82]. 1-butyl-

3-methylimidazolium thiocyanate ([bmim]+[SCN]–) and 1-butyl-3-methylimidazolium

tricyanomethanide ([bmim]+[C(CN)3]–) were used as extracting solvents as

they have high solubility of carbohydrates and sugar alcohols [83]. 1-ethyl-3-

methylimidazolium thiocyanate ([emim]+[SCN]–) was employed as a local

probe molecule in 2D-IR experiments because it does not affect structure

and dynamics when it is mixed with other ILs [84]. High solubility of car-

bon dioxide was utilized in CO2 capturing [85,86]. Dicyanamide([N(CN)2]–)-

based ILs have low viscosity and were applied in electrodeposition of met-

als [87]. Due to high conductivity and low viscosity, cyano-based ILs have
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been widely applied in dye-sensitized solar cells [88–90] as well as EDLCs [91].

Understanding the charging mechanism is very important when one uti-

lizes ILs as energy storage material for EDLCs. The charging mechanism

has been examined by counting the number of ions in the pore of electrode

materials [40,74–77]. It was demonstrated that the effect of further ionic layers

and the ion exchange behavior therein is required to be considered to ex-

plain the molecular origin of the DC behavior [7,17]. One of the attempts was

to evaluate the charge of ionic layers with fixed thickness out of a number

of trials [7]. The optimal thickness, however, was determined in an ad hoc

manner, and little microscopic insight could be obtained from the result.

To overcome this issue, we previously found in the Part I that the DC be-

havior can be explained with the interfacial layer in which ions are most

actively accumulated. Nevertheless, it was not so straightforward to explain

the saturation of DC at further potentials, which was predicted in mean

field theory with “lattice saturation effect” [2–4,70].

The purpose of the present part is to investigate charging mechanism

of EDLC with ILs and its molecular origin by decomposing it into contri-

bution of each ionic species. This part extends the previous part, where

the cations were varied with different alkyl chain lengths, by systematically

considering the effect of anions with charged functional groups. We exam-

ine the effect of cyano functional group of anion on electric double layer

structure, differential capacitance and charging mechanism at graphene elec-

trode, employing ILs with 1-ethyl-3-methylimidazolium ([emim]+) cation.

Anions contain one to four cyano groups, which are thiocyanate ([SCN]–), di-

cyanamide ([N(CN)2]–), tricyanomethanide ([C(CN)3]–), and tetracyanob-

orate ([B(CN)4]–), respectively.
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The present part is organized as follows. Chapter 7 provides a brief de-

scription of the model system and simulation method. In Chapter 8, electric

double layer structure, differential capacitance and charging mechanism of

EDLC systems are analyzed to investigate their dependence on number of

CN-groups. Conclusions are given in Chapter 9.

45



46



Chapter 7

Models and Methods

Four different cyano-based ILs are employed as dielectric material in this

comparative study, namely 1-ethyl-3-methylimidazolium thiocyanate ([emim]+[SCN]–),

1-ethyl-3-methylimidazolium dicyanamide ([emim]+[N(CN)2]–), 1-ethyl-3-

methylimidazolium tricyanomethanide ([emim]+[C(CN)3]–), and 1-ethyl-3-

methylimidazolium tetracyanoborate ([emim]+[B(CN)4]–), respectively. A

total of 1024 ion pairs are confined between basal plains of graphene elec-

trodes for each system [Figure 7.1]. Each electrode consists of a rigid sin-

gle graphene sheet of 1792 sp2-hybridized carbon atoms [51], with dimen-

sions 68.6×67.9 Å2. We employed a Cartesian coordinate system where

graphene electrodes spanned xy-plane and are located at z = ±z0. Elec-
trode separation d(= 2z0) was determined by NPT ensemble simulation

and fixed during NVT simulations. The respective values are 60.5, 65.3, 75.3

and 84.5 Å for [emim]+[SCN]–, [emim]+[N(CN)2]–, [emim]+[C(CN)3]– and

[emim]+[B(CN)4]–. [emim]+ cation was modeled with flexible all-atom force

fields [49,50]. Anion models are taken from previous study of bulk ILs [92]. The

parameters are compiled in supporting information of Ref50 and92. Total
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electrode charge Qe was varied from 0 to ±34 e with a increment of 2 e,

which reproduced the same charge density increment as Part I.

GROMACS program was employed for the whole simulation process [52].

The equation of motion was integrated using velocity Verlet algorithm with

a time step of 1 fs. Coulomb interaction was computed by Particle Mesh

Ewald Summation with correction for slab geometry [53]. The vacuum re-

gions are introduced under and over the capacitor such that the whole

simulation cell spans −3z0 < z < 3z0. Five independent trajectories were

sampled. We equilibrated the system for 25 ns with simulated annealing

from 500K to 350K. 10 ns production runs were then conducted with Nosé-

Hoover thermostat at 350K.
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Figure 7.1: Representative snapshot of our systems. Blue: cathode with

charge Qe = -32e, Yellow: anode with the opposite charge, Red: [emim]+

cations, Green: [N(CN)2]– anions, Highlighted: Ions in the interfacial lay-

ers. Counterions are attracted to and coions are expelled from the charged

electrodes. 49
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Chapter 8

Results and Discussion

8.1 Interfacial Structure

We first investigate the structure of ILs near graphene electrode. Number

density distribution nα(z) of the ionic species α is integrated from local,

center of mass distribution of ions nα(x′, y′, z),

nα(z) = A−10

∫ x0

−x0

∫ y0

−y0
dx′dy′nα(x′, y′, z);A0 = 4x0y0 (8.1)

with the electrode surface area A0. The average ion densities nα(z) of four

ILs are exhibited in Figure 8.1. Regardless of anion species and electrode

charge, cations and anions form solvent layer within ∆z ≤ 6 Å from the

graphene surface and show a significant oscillation behavior along z. This is

consistent with previous studies, in which ionic layers are formed near flat

surfaces [7,9,17,23,25,26,33,34,54–56]. For the neutral charge cases in the bottom

panels, the first solvation layers of [emim]+ are located at ∆z = 3.8 Å. As

more cyano groups are attached, the first solvation layer of anion is located

closer to graphene sheet. The respective values are 3.6 Å for [SCN]–, 3.6
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Å for [N(CN)2]– and 3.5 Å for [C(CN)3]–. Bulky [B(CN)4]– anions with

tetrahedral geometry make the solvation layer at further distance (4.3 Å)

than other anions, even further than cation. Affinities to graphene surface of

ions are in the following order: small, planar ([SCN]–, [N(CN)2]–, [C(CN)3]–)

> large, planar ([emim]+) > large, spherical ([B(CN)4]–) anions.

As the electrodes are more highly charged, the first solvent layer is filled

with more counterions: the number density distribution becomes higher and

narrower. Coions are gradually expelled from the charged electrode. Alter-

nating layers of counterions and coions, namely electric double layers are

eventually formed. In the cases of [C(CN)3]– and [B(CN)4]– (left, top pannel

of Figure 8.1 (c) and (d), respectively), anions make double-layered struc-

ture near highly charged anode. This is accompanied with change of packing

structure of anions.

8.2 Electric Potentials and Differential Capacitances

Average charge density distribution ρα(z) is defined as

ρα(z) = A−10

∫ x0

−x0

∫ y0

−y0
dx′dy′ρα(x′, y′, z), (8.2)

where ρα(x′, y′, z) is the local, atomic charge density of ionic species α. The

results of four ILs are displayed in Figure 8.2. Ion charge densities oscillate

near graphene surface and these behaviors diminish within 10 Å. This is

consistent with previous studies of different ILs [7,9,12–14,17,25,27,60,61]. The

charge density oscillation of [B(CN)4]– extends further, up to 15 Å from the

electrode. This is due to the symmetric structure in the anion which makes

it harder to screen out partial charges.
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Figure 8.1: Number density distribution nα(z) of the ions in four ionic liq-

uids: (a) [emim]+[SCN]–, (b) [emim]+[N(CN)2]–, (c) [emim]+[C(CN)3]–, and

(d) [emim]+[B(CN)4]–. The cation and anion number density distributions

are represented by red and green curves, respectively. The locations of the

electrode are indicated by yellow blue (anode) and blue (cathode) vertical

lines. Black vertical lines are the borderlines between ionic layers. Counte-

rions are abundant in the interfacial layer. Plots in the upper panels are the

cases with the largest electrode charge Qe.
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The electric potential profile between two electrodes is calculated by

Poisson equation:

Φα(z) = −4π

∫ z

0
dz(z − z′)ρα(z′), (8.3)

where ρα(z′) is the charge density from Eq. (8.2). Total electric potential

profile which is summation of three components, Φtotal(z) = Φcation(z) +

Φanion(z) + Φelectrode(z), are shown in Figure 8.3 for four liquids. The po-

tentials of zero charge(PZC) between the electrode and the bulk region are

found to be 0.26, 0.15, 0.09, and -0.01 V for [emim]+[SCN]–, [emim]+[N(CN)2]–,

[emim]+[C(CN)3]–, and [emim]+[B(CN)4]–, respectively. This is in opposite

trend with the affinity to graphene surface in a sence that ions with larger

affinity are populated closer to the electrode. The partial charges of cation

in Figure 8.2 are located closer than those of anion and positive PZCs are

generated.

When the electrodes are charged, Φtotal(z) becomes nearly constant at

∆z ≥ 20 Å after sharp drop at ∆z ≤ 4 Å. This is ascribed to ions forming

electric double layer at ∆z ≤ 20 Å and screening the electric field from

charged electrode. We consider the whole system as a sequence of two half

cells and divide ∆Φtot between charged electrodes into cathodic and anodic

potential:

∆Φhalf = Φelectrode − Φbulk, (8.4)

∆Φtot = ∆Φ
(+)
half − ∆Φ

(−)
half, (8.5)

and ∆Φhalf monotonically increases with electrode charge (see inset of Fig-

ure 8.4). We explore the differential behavior of electrode charge by evalu-
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Figure 8.2: Charge density distribution ρα(z) of the ions in four ionic liq-

uids: (a) [emim]+[SCN]–, (b) [emim]+[N(CN)2]–, (c) [emim]+[C(CN)3]–, (d)

[emim]+[B(CN)4]–. The cation, anion and total charge density distributions

are represented by red, green, and purple curves, respectively. Plots in the

upper panels are the cases with the largest electrode charge Qe.
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ating the differential capacitance (DC),

c =
∂Qe

A0∂∆Φhalf
, (8.6)

which is obtained by the same protocol as Part I: 29 windows of Qe-∆Φhalf

plot are fitted into parabolas and analytical derivatives are evaluated.

The DC curves for four systems are displayed in Figure 8.4. DC curves of

all four liquids are characterized by the maximum at negative potential. The

maximum values of capacitances are similar to each other. The maximum

occurs at lower potential as the anion has more cyano groups: -0.82, -1.58

and -2.17 V for [emim]+[SCN]–, [emim]+[N(CN)2]– and [emim]+[C(CN)3]–,

respectively. The capacitances decrease at intermediate negative potential,

just before the maximum peak. The respective regions are -0.15 to -0.41 V

for [emim]+[SCN]–, 0.0 to -0.98 V for [emim]+[N(CN)2]–, -0.34 to -1.38 V

for [emim]+[C(CN)3]– and -0.7 to -1.18 V for [emim]+[B(CN)4]–. DC be-

haviors at positive potential are more complex. The capacitances are nearly

unchanged near PZC. Such trends are extended to higher potentials for

[SCN]– and [N(CN)2]– anions. On the other hand, [C(CN)3]– shows capac-

itance minimum at high positive potential, but maximum is observed for

[B(CN)4]–. DC behavior of [emim]+[B(CN)4]– is consistent with an experi-

mental study in that it exhibits a high capacitance at the negative poten-

tial [93]. On the other hand, [emim]+[N(CN)2]– shows a different trend from

the camel-shaped curve at platinum electrode [72]. However, a direct com-

parison between experiments and simulations is rather limited because the

shape of DC curve could depend on several factors, namely electrolyte con-

centration [72,94], chemical structure of ions [33,95], ion clustering structure [96],

electrode material [97,98], electrode topology [12], and so on. Still, higher and
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Figure 8.3: Electric potential Φtotal(z) in four ionic liquids. Top:

[emim]+[SCN]–; second: [emim]+[N(CN)2]–; third: [emim]+[C(CN)3]–; bot-

tom: [emim]+[B(CN)4]–. Blue: cathode, Yellow: anode.
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narrower DC peaks at negative potentials are pronounced compared with

other studies. Structural analysis of these peaks will be provided in following

sections.

8.3 Ion Exchange in the Electric Double Layer

To understand the molecular origin of DC behaviors, a couple of simulation

studies have examined the ion exchange behavior of ionic layers [7,17]. One of

the attempts was to evaluate the charge of ionic layers with fixed thickness.

10 Å, out of a number of trials, was reported to be the best thickness

reproducing differential capacitance [7]. However, this value may be argued

to be too thin compared with the common thickness of electric double layers,

20 - 30 Å, inside which ionic layers, or oscillation of ionic charges, still

remains. The optimal thickness was determined by an ad hoc manner, and

little microscopic insight could be obtained from the result. On the other

hand, we found in the previous part that the capacitance maximum occurs

at the potential where ions are most actively accumulated in the interfacial

layer [17]. Nevertheless, “lattice saturation effect” [2–4,70] was not reproduced

in which DC is saturated at further potentials.

In the present section we systematically expand our scope to further

ionic layers and investigate the ion exchange behavior between them. Start-

ing from the interfacial layer, the alternating layers of cations and anions

in Figure 8.1 are defined as i-th ionic layers one by one. The borderlines

between the ionic layers are depicted in Figure 8.1 (a) and their definition

is explained in Appendix B. We consider the number of ionic species α up
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Figure 8.4: Electrode charge Qe and differential capacitances c as

a function of ∆Φhalf, obtained in [emim]+[SCN]–, [emim]+[N(CN)2]–,

[emim]+[C(CN)3]–, and [emim]+[B(CN)4]–.
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to i-th ionic layers N i
α defined as

N i
α = A0

∣∣∣∣∫ i-th layer

electrode
dz′nα(z′)

∣∣∣∣ , (8.7)

where nα(z′) is the number density from Eq. (8.1). The complementary

charge of ionic layers, Qi, is then calculated,

Qi = −(qanN
i
an + qcatN

i
cat), (8.8)

where the negative sign is introduced to set Qi to be comparable to the

electrode charge,Qe.Qi increases when anions are adsorbed in or cations are

desorbed from the ionic layers, and shows monotonic increase with electric

potential as well as Qe does [17].

We define differential capacitance of ionic layers (DCIL) as

ci =
∂Qi

A0∂∆Φhalf
, (8.9)

and ci, with i = 1, 3, and 5 are evaluated and compared with DC in Fig-

ure 8.5. c1 shows maximum at negative potential. The maximum location

and peak width show coincidence with DC, consistently with Part I. De-

creases in capacitance at intermediate negative potential are also observed

in DCIL curves. c1 has much larger value than DC. This is ascribed to over-

screening behavior of ions in which excess charges are accumulated in the

first layer and compensated by alternating layers [17,65]. As more ionic layers

are considered, DCIL becomes more similar to DC. This discloses that DC

behavior is mainly generated by ion exchange between electric double layer

and bulk region.
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Figure 8.5: Differential capacitances c and differential capacitance of ionic

layers(DCIL) c1, c3, and c5 as a function of ∆Φhalf in four ionic liq-

uids: (a) [emim]+[SCN]–; (b) [emim]+[N(CN)2]–; (c) [emim]+[C(CN)3]–; (d)

[emim]+[B(CN)4]–.
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8.4 Differential Charging Mechanism

Experimental studies examined the charging mechanism of the system by

counting the number of ions in the pore of electrode materials [74–77], and a

simulation study found a correlation between DC and the total number of

ions in the pore [40]. The effect of further ionic layers, however, is proposed

to be considered to explain the whole DC behavior as demonstrated in the

previous part and Section 8.3, thus we explore the charging mechanism of

EDLCs with such consideration.

Defined from the number of ions, DCIL can be interpreted as the dif-

ferential charging mechanism of ions. We decompose DCIL into cation and

anion contributions. The charge and DCIL component of ionic species α are

defined similarly to eqs (8.8) and (8.9) as

Qiα = −qαN i
α, (8.10)

and

ciα =
∂Qiα

A0∂∆Φhalf
, (8.11)

and both cation and anion components are functions of electric potential.

DCIL c5 is decomposed into contributions by cation and anion, and com-

pared with DC in Figure 8.6. The positive value of DCIL components means

that the corresponding ions behave as expected near a charged electrode:

counterions are attracted to and coions are expelled from the electrode.

DCIL behaviors of four liquids are mainly governed by respective anion

behaviors in that anion contribution is larger than cation one and shows

similar trend with DC. The high peak of DCIL c5an at negative potential

means that anions(coions) are rapidly desorbed from the ionic layers near
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Figure 8.6: Differential capacitances c, differential capacitance of ionic lay-

ers(DCIL) c5, and its divided components: c5an and c5cat as a function of

∆Φhalf in four ionic liquids: (a) [emim]+[SCN]–; (b) [emim]+[N(CN)2]–; (c)

[emim]+[C(CN)3]–; (d) [emim]+[B(CN)4]–.
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the cathode. We interpret the differential charging mechanism of the sys-

tem with this insight. Both anion and cation contribute to DCIL behaviors

around PZC. The anion desorption is supressed at intermediate negative

potential where both DC and DCIL decrease. As the potential is further

lowered, the anions are rapidly desorbed and maximum peak is formed.

To further elucidate the anion desorption mechanism, the number den-

sity distributions of different potential regions are compared each other.

First, three potential regions of different DC behaviors are defined: the

starting point of cathode charging, DC maximum and DC minimum, re-

spectively. They are numbered in DC curve at Figure 8.7 (a). The number

density distribution of ions in three potential regions are displayed in Fig-

ure 8.7 (b)-(d). At the starting point of cathode charging [Figure 8.7 (b)],

both cations and anions are found in the first ionic layer. As the cathode

is charged, anion peak at 26.3 < z < 27.0 Å become smaller: anions are

expelled from this region. However, anions are accumulated in the interme-

diate region at 25.4 < z < 26.3 Å, which is still in the first layer so that

the number of anion decreases gradually. On the other hand, the potential

region 4-6 [Figure 8.7 (c)] is the DC maximum region. The anion peak at

Figure 8.7 (b) is already disappeared. As the cathode is more negatively

charged, the anion distribution in the first layer decreases, whereas that in

the second layer increases. The anions in the first layer are expelled to the

second layer and the number of anion rapidly decreases. At the potential

region 7-9 [Figure 8.7 (d)] DC is decreased. The decrease in the number of

anion is suppressed because most of anions are already expelled from the

first layer and only few anions dwell in the first layer.

The potential of rapid anion desorption is lowered as the anion size is
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Figure 8.7: (a): Electrode charge Qe and differential capacitances c as a

function of ∆Φhalf, obtained in [emim]+[SCN]–. Qe is compared with charge

of ionic layers Q5
an and c is compared with differential capacitance of ionic

layers c5an, respectively. Maximum and minimum points of DC at negative

potential are numbered. (b)-(d): Number density distribution nα(z) of the

ions near the cathode obtained in [emim]+[SCN]–. Black vertical line is

the borderline between first and second ionic layers of which definition is

explained in Supporting Information. As the cathode is more negatively

charged, anions(coion) are expelled from the first ionic layer.
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increased. Stronger repulsive force from cathode is required for larger anion

to be desorbed from electric double layer. In the case of [emim]+[C(CN)3]–,

suppression of cation desorption is responsible for capacitance minimum

at high positive potential. On the other hand, DCIL of [emim]+[B(CN)4]–

shows different trend from the capacitance maximum at high positive poten-

tial. DCIL keeps increasing as the potential is increased because the anions

are more actively adsorbed in the electric double layer. This discrepancy

may be subject to the exchange of partial charges exerted by orientational

rearrangement of the ions, which is averaged out in DCIL as it is defined

from the center of mass distribution of the ions.

As a quantitative analysis of relative contribution, the fraction of anion

component xan is calculated for each case and displayed in Figure 8.8:

xan =
c5an
c5
. (8.12)

At the potential region near PZC, xan remain nearly unchanged because

both components are stationary in those potential regions : 77, 60, 55,

and 48 % for [emim]+[SCN]–, [emim]+[N(CN)2]–, [emim]+[C(CN)3]– and

[emim]+[B(CN)4]–, respectively. This decrease of anion component is as-

cribed to anion size in that larger anions are harder to rearrange in response

to electric potential. However, [emim]+ cations are exchanged more actively

and the DC in Figure 8.4 are comparable to each other. As the potential is

lowered, xan decreases at intermediate potential and increases at further po-

tential. This is the same behavior with c5an in Figure 8.6. Exceptional case is

[emim]+[SCN]–. Both c5an and c5cat increase and xan decreases in the DC peak

region. There are two points where xan exceedes 100 %: high negative poten-

tial for [emim]+[SCN]– and high positive potential for [emim]+[C(CN)3]–.
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Excess charges are exchanged by anion desorption/adsorption and compen-

sated by cation desorption/adsorption, which is the opposite behavior to

what is expected near negative/positive electrode, respectively.

It is noteworthy that the [emim]+[SCN]– case is anion-dominant in

charging mechanism in overall potential range. [emim]+[BF4]– has also been

investigated to show anion-dominant mechanism due to size disparity in

ionic species as smaller anion responses more actively to the electrode po-

tential [17]. It describes very well the phenomena in our study, especially

near 0 V, where the contribution of anion becomes greater in ILs with the

smaller anion. Since there is no significant interaction between the elec-

trolyte molecules and the electrodes, the size-disparity is assumed to be the

most possible consideration. It is, therefore, very interesting that the xan
near the peak of DC variates extremely with different ILs. We close our

discussion by speculating that a collective behavior in ionic structure may

cause this abrupt change in the trend of charging mechanism.
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Figure 8.8: Fraction of anion component xan as a function of ∆Φhalf,

obtained in [emim]+[SCN]–, [emim]+[N(CN)2]–, [emim]+[C(CN)3]–, and

[emim]+[B(CN)4]– at 350K.
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Chapter 9

Conclusions

Electric double layer structure and differential capacitance behavior of cyano-

based ionic liquids with [emim]+ cation near graphene electrode were ex-

plored by MD simulations. The dependence on the number of cyano groups

in anions was investigated with [SCN]–, [N(CN)2]–, [C(CN)3]– and [B(CN)4]–.

Cations and anions in our ionic liquids make alternating layers near charged

electrode. Differential capacitance curves of four ionic liquids were found

to have the maximum at negative potential. The maximum capacitances

were similar to each other, but the peak location shifted to further poten-

tial as the number of cyano groups is increased. Combined with previous

experimental studies representing that [emim]+[SCN]– has the widest elec-

trochemical window [91,99], our simulation results suggest that EDLC with

[SCN]– provides best performance among the cyano-based anions.

We conclude by presenting our rationale for capacitance behaviors of

four ionic liquids in terms of liquid structure. We systematically extended

our consideration of layering structures from the interfacial layer to further

layers and examined the ion exchange between them. The ion exchange be-
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tween electric double layer and bulk region turned out to be the main factor

generating DC behaviors. The differential charging mechanism of ions are

investigated by decomposing the ion exchange behavior into cation and an-

ion contributions. The charging mechanism, as well as electric double layer

structure and differential capacitance was found to be a function of elec-

tric potential. The capacitance maxima of all liquids at negative potential

are generated by rapid desorption of respective anions. [emim]+[SCN]–, is

an exceptional case in that both cation and anion are responsible for the

capacitance maximum. The exchange of partial charge as well as ion ex-

change in the ionic layers can affect the DC behaviors. The present part

provides a molecular insight to electrochemical application of ionic liquids

in which ions form layered structure near the electrode. In the future study,

it is worthwhile to examine the detailed molecular effect of ion structure in

capacitive behaviors, paid attention to the charging mechanism.
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Chapter 10

Effects of Alkyl Chain Length in Cation on

Charging Mechanism

In this additional chapter, alkylimidazolium ionic liquids in part I, 1-Cn(n=2,4,6)-

3-methylimidazolium tetrafluoroborate are revisited. We investigate how

differential capacitance and differential charging mechanism are affected by

alkyl chain length of imidazolium cation. The number density distribution

in Figure 4.1 is analyzed with the same protocol as presented in Section 8.3

and 8.4.

10.1 Ion Exchange in the Electric Double Layer

First, ionic layers are introduced as explained in Appendix B: interfacial

layer is the first layer and alternating layers of cations and anions are con-

secutively defined as i-th layers. The number of ionic species α up to i-th

layers N i
α is counted

N i
α = A0

∣∣∣∣∫ i-th layer

electrode
dz′nα(z′)

∣∣∣∣ , (10.1)

71



where nα(z′) is the number density from Eq. (4.1). The complementary

charge of ionic layers, Qi, is then calculated,

Qi = −(qanN
i
an + qcatN

i
cat), (10.2)

where the negative sign is introduced to set Qi to increase with electric

potential as well as Qe does [17].

The differential capacitance of ionic layers (DCIL)

ci =
∂Qi

A0∂∆Φhalf
, (10.3)

with i = 1, 3, and 5 are evaluated and compared with DC in Figure 10.1.

The maximum location and peak width of c1 coincide with those of DC,

consistently with Section 4.3 and 8.3. c1 is much larger than DC due to

overscreening behavior [17,65]: excess charges are accumulated in the first

layer. As we expand the consideration into further layers, alternating layers

compensate the excess charges and DCIL shows more similar value to DC.

This is consistent with Section 8.3 and supports our idea that DC behavior

mainly stems from the ion exchange between electric double layer and bulk

region.

10.2 Differential Charging Mechanism

The differential charging mechanism of ions is investigated by decomposing

DCIL into cation and anion contributions. The complementary charge of

ionic layers, Qi, is devided into charge component of ionic species α

Qiα = −qαN i
α, (10.4)
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Figure 10.1: Differential capacitances c and differential capacitance of ionic

layers(DCIL) c1, c3, and c5 as a function of ∆Φhalf in three ionic liquids:

(a) [emim]+BF4
–; (b) [bmim]+BF4

–; (c) [hmim]+BF4
–.
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and the DCIL component is evaluated.

ciα =
∂Qiα

A0∂∆Φhalf
, (10.5)

DCIL c5 and its components c5cat, c5an are compared with DC in Fig-

ure 10.2. DC behaviors of three systems are mainly governed by anion ex-

change behavior. The anion component shows similar trend with DC and

is larger than cation one in the whole potential region. The DCIL max-

ima are mainly originated from rapid anion exchange. However, both cation

and anion are responsible for DC peak at negative potential for [emim]+

system. As the alkyl chain of cation is lengthened, both cation and anion

exchange are suppressed in wide potential region. This is ascribed to steric

effect exerted by charge neutral functional group. On the other hand, re-

versed dependence of capacitance on alkyl chain length at high negative

potential(∆Φhalf < −1.3 V) is also observed in the anion contribution.

As we demonstrated that DC peak stems from the rapid exchange of

the anions, the final question to complete mechanistic explanation of DC

behaviors in our systems would be “what makes such a rapid exchange of

anions in DC peak region?”. This is not so straightforward to answer because

the rapid exchange is made by collective motion of ions in that both cations

and anions are exchanged simultaneously. We further speculate that anion-

dominated charging mechanisms of our systems are due to small anion sizes

in that the exchange of anions is made more easily than that of cations

in broad potential region. More detailed simulation studies are worthy of

performing in the near future.
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Figure 10.2: Differential capacitances c, differential capacitance of ionic

layers(DCIL) c5, and its divided components: c5an and c5cat as a function

of ∆Φhalf in three ionic liquids: (a) [emim]+BF4
–; (b) [bmim]+BF4

–; (c)

[hmim]+BF4
–.
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Appendix A

Ion Number Difference and its Derivative

We first define ion number Nα as the number of ion species α in the nearest

layer. Then number difference ∆N is defined as Nanion − Ncation so that

its value increases from negative to positive with electrode potential: there

are more cations near cathode (negative potential) and vice versa. The ion

population at the first layer is different with the sign of electrode charge: the

first layer of cathode is cation-abundant and the opposite holds for anode.

At the neutral electrode, however, it is ambiguous to define the first

layer between two possible options, one definition making the layer cation-

abundant and the other anion-abundant. Because the sign of the electrode

charge is zero, we are free to consider it as the cathode or the anode. We

thus regard the neutral electrodes as infinitesimally charged ones: the anode

with charge +ε and the cathode with −ε, respectively, and then the former

becomes anion-abundant and the latter cation-abundant.

The derivative of ∆N with respect to ∆Φhalf is then evaluated with the

same protocol as is DC, subtracting ∆N at a negatively/positively charged
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electrode from its value at the neutral cathode/anode, respectively.

δ∆N(Qe < 0) = ∆N(Qe < 0) − ∆N(Qe = −ε) (A.1)

δ∆N(Qe > 0) = ∆N(Qe > 0) − ∆N(Qe = +ε) (A.2)

Now, we can make smooth differentiation of δ∆N because it has unique

value (= 0) at zero potential.
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Appendix B

Transition from specific ionic layers to

electric double layers

We defined the crossing points of cation and anion distributions as the bor-

derlines between ionic layers as depicted in Figure 8.1. (a). The thicknesses

of ionic layers are displayed in Figure B.1.

Ions near neutral electrode make layering structure due to specific inter-

action between graphene surface and the ions. (bottom panels of Figure 8.1.)

As the electrodes are more highly charged, counterions are attracted to and

coions are expelled from the electrode. In this process some specific layers

disappear and the thicknesses show sharp transition at intermediate poten-

tials. Alternating layers of counterions and coions, electric double layers are

eventually formed. We selected the converged values at high potentials as

the thicknesses of ionic layers in the electric double layer, evaluating the

charge of ionic layers Qi.
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Figure B.1: Thicknesses of ionic layers as a function of ∆Φhalf, obtained in

[emim]+[SCN]–.
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국문초록

전기이중층 축전기는 높은 전기용량으로 인해 에너지 저장장치로서 주목받고

있다. 전기이중층 축전기의 미분 전기용량은 전압에 따라 바뀌는데 이는 전

기이중층 구조가 변화하기 때문이다. 이 논문에서는 미분 전기용량의 거동이

전해질의 화학구조에 어떻게 영향을 받는지 분자동역학 시뮬레이션을 통해

연구하였다.

첫번째 파트에서는 양이온에 붙어있는 알킬사슬의 길이가 표면 구조와

전기적 성질에 어떤 영향을 주는지 알아보았다. 전해질로는 같은 음이온 테트

라플로로보레이트와세가지다른양이온, 1-에틸-3-메틸이미다졸륨,1-뷰틸-3-

메틸이미다졸륨,1-헥실-3-메틸이미다졸륨 을 각각 조합한 상온 이온성 액체를

채택하였다. 두 평행한 전극 사이에서 양이온들과 음이온들이 이온층을 형성

하는것을 확인하였다. 전극 표면의 양이온들은 주로 전극에 평행하게 분포해

있는것을 보았다. 양이온의 이미다졸륨 고리가 그래핀과 파이-스태킹 구조를

형성하고, 알킬사슬이 전극에 평행하게 정렬되는 모습을 확인하였다. 세가지

액체의 미분 전기용량 모두 전압의 절대값이 증가함에 따라 감소하는 것을

발견하였다. 이온의 크기와 정렬 양상은 이온층 구조와 전기용량의 거동 모

두에 영향을 준다. 양이온의 평행한 정렬은 알킬사슬이 길어질 수록 강화되는

것을 확인하였다. 미분 전기용량은 넓은 전압 영역에서 알킬사슬이 길어짐에

따라 감소하는 경향을 보인다. 이는 이온의 크기가 커져 입체장애가 강화되
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이온 재배치가 방해되기 때문이다. 또한 크기가 작은 음이온이 재배치를 더

잘하기때문에양극전기용량이음극전기용량보다큰것을확인할수있었다.

전극 전하량과 전극 표면의 이온 개수를 전압에 대한 변화 양상의 측면에서

비교함으로써, 표면 이온층이 전기용량 거동에 주된 역할을 한다는 사실을

밝혀냈다.

두번째 파트에서는 싸이아노 작용기를 갖는 음이온의 구조가 전기이중

층 구조와 전기적 성질에 어떤 영향을 주는지 알아보았다. 전해질로는 같은

양이온 1-에틸-3-메틸이미다졸륨 과 네가지 다른 음이온, 싸이오싸이아네이

트, 다이싸이안아마이드, 트라이싸이아노메타나이드, 테트라싸이아노보레이

트 을 각각 조합한 상온 이온성 액체를 채택하였다. 전하를 띤 전극 근처에서

양이온과 음이온들이 번갈아 분포하는 모습을 보였다. 네가지 시스템의 미분

전기용량이 음의 전압에서 최대값을 갖는 것을 확인하였다. 최대값은 서로

비슷하지만 최대값을 내는 전압은 음이온에 붙은 싸이아노 작용기의 개수가

늘어날수록더음의값으로치우치는현상을보았다.표면이온층에서시작해

점점 더 멀리 있는 이온층이 미분 전기용량에 미치는 영향을 체계적으로 조

사하였다. 전극 전하량과 이온층의 전하량을 비교함으로써, 미분 전기용량의

거동이 전기이중층과 액체 구간 사이의 이온 교환에 의해 발생한다는 사실을

밝혀냈다. 이온 교환 거동을 양이온 성분과 음이온 성분으로 나누어 조사하였

다. 그 결과 미분 충전 메커니즘이 전압에 강하게 의존한다는 사실과 네가지

시스템의 전기용량 최대값은 각각의 음이온이 전기이중층으로부터 빠르게 떨

어져 나가는 전압구간에서 생겨난다는 사실을 밝혀냈다.

주요어: 전기이중층 축전기, 상온 이온성 액체, 그래핀 전극, 알킬이미다졸륨,

미분 전기용량, 표면 구조, 전기이중층 구조, 충전 메커니즘, 분자동역학

시뮬레이션

학번: 2010-20294
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