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Molecular dynamics simulations of room temperature ionic liquid (RTIL) [emim][TFSI] at stepped graphite electrodes
were performed to investigate the influence of the thickness of the electrode surface step on the microstructure of inter-
facial RTILs. A strong correlation was observed between the interfacial RTIL structure and the step thickness in elec-
trode surface as well as the ion size. Specifically, when the step thickness is commensurate with ion size, the interfacial
layering of cation/anion is more evident; whereas, the layering tends to be less defined when the step thickness is close
to the half of ion size. Furthermore, two-dimensional microstructure of ion layers exhibits different patterns and align-
ments of counterion/co-ion lattice at neutral and charged electrodes. As the cation/anion layering could impose consid-
erable effects on ion diffusion, the detailed information of interfacial RTILs at stepped graphite presented here would
help to understand the molecular mechanism of RTIL-electrode interfaces in supercapacitors. VC 2015 American Institute

of Chemical Engineers AIChE J, 61: 3022–3028, 2015
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Introduction

The use of electricity generated from renewable but inter-

mittent energy sources (e.g., solar and wind energy) requires

high-efficient energy storage equipment. Supercapacitor, also

called electrical double layer capacitor (EDLC), is an

advanced green energy storage device due to its advantageous

properties, such as high power density, long cycle life, quick

charge and discharge processing, wide operating temperature,

and environmental friendliness.1–5 However, the industrializa-

tion and the impact of supercapacitors in current energy stor-

age community cannot be comparable to batteries worldwide,

as the moderate energy density of supercapacitors limits their

wider applications.6 Thus, the current supercapacitor develop-

ment aims at increasing its energy density.4

According to the theoretical formula of supercapacitor’s

energy density (E): E 5 A�C�V2/2, the energy density can be

increased via7,8 (1) developing the electrode with high specific

surface area (A); (2) choosing an appropriate electrode/electro-

lyte assemble to increase the specific capacitance (C); (3) wid-

ening operating voltage (V) of supercapacitors. With high

specific surface area, good thermal and electrical conductivity,

and electrochemical stability,9 carbons, such as graphite and

carbon nanotubes, have been one of the most considerable

electrode materials in supercapacitors. Ionic liquids (ILs) are

emerging as a new type of green electrolytes developed in

recent decades. They entirely consist of ions and stay in liquid

state at or near room temperature with outstanding features,

such as high thermal stability, low volatility, high conductiv-

ity, noninflammability, nonoxidability, nonexplosion, and so

on.10–12 In particular, with the wider electrochemical window

compared with solvent-containing electrolytes (e.g., aqueous

solution: 1.2 V, organic solvent solution: 2.7 V), ILs render a

high operating voltage (4–6 V)13 which helps to improve the

energy density of supercapacitors. Therefore, the use of

graphene-based electrode and IL electrolytes in supercapaci-

tors could enhance the energy density, opening up a new pos-

sibility for environment-friendly and high-performance

supercapacitors.
A myriad of experimental and theoretical studies using IL

electrolytes in supercapacitors have been reported,4,5,14–18

most of which focus on the solid-liquid interfacial phenom-

enon. Mezger et al.19 observed a hierarchical structure of stag-

geredly distributed cations and anions in double layers formed

by ILs near the charged solid surface with the help of high-

energy X-ray diffraction technique. Atkin et al.20–23 have

reported a series of experiments on the microstructure of con-

fined ILs at different surfaces using atomic force microscope

(AFM) and scanning electron microscopy (SEM). The micro-

structure of imidazolium-/pyrrolidinium-based ILs between

two negatively charged mica surfaces was analyzed by Perkin

et al.,24–28 in which three different physical models were
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proposed to describe the microstructure of different ILs in
charged slit pores. Similarly, theoretical studies, especially by
molecular dynamics (MD) simulation, have revealed the
microscopic structure of ILs-electrode interfaces in atomistic

scale.18,29–31 Through MD simulation of imidazolium-based
ILs represented by an all-atom model, Wang32 and Vatamanu
et al.30 observed a similar staggered hierarchical structure in

EDL at planar graphite electrode surface. That is, the EDL can
be extended to 1.5–3.0 nm from the electrode and the ILs
beyond this region are distributed randomly; in addition, imi-
dazolium ring at interface was found to be parallelized with

electrode surface, regardless of the alkyl chain length. It is
worthwhile to note that the ratio of theoretical studies to
experimental works on ILs-electrode interfaces is �1:50,33

indicating a crucial need of more theoretical work in this area.

In our recent work,34 MD simulations were used to analyze
the distribution of ILs at the planar carbon surface and pro-
vided a good fit to experimental data from AFM measure-

ments. It also suggests that AFM tips can penetrate the first
ion adsorption layer and probe the layering of ions at atomistic
scale.

However, most of the simulation studies (including ours)

adopted the ideally planar electrode, while the real electrode

mostly has defects that make it challenging to accurately char-

acterize the ILs-electrode interface. The microstructure of ILs

at an uneven electrode surface is not only critical for under-

standing the energy storage mechanism of EDL at supercapa-

citor electrodes, but also significant for elucidating the

behavior of IL lubricants at liquid-solid interfaces.35 In this

work, MD simulations were performed to reveal the micro-

structure of ILs at stepped electrode surface. We mainly inves-

tigated the effect of step thickness on interfacial IL structure

and illuminated the mechanism underlying the impact of

stepped graphene surface on ILs distribution.

Methods

As shown in Figure 1a, the microscopic interface formed by

ILs at different topological graphene surfaces is represented

by a channel-like model in this work. IL 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([emim]

[TFSI], Figure 1b) is chosen as the electrolyte between two

electrodes. Each electrode contains two complete graphene

monolayers and one or two half monolayers (Figures 1c, d);

the distance between each two layers is 0.341 nm. To easily

quantify the ion distribution at interface, the first complete

layer that directly contacts ILs is set as zero in z direction

(Figure 1a); the stepped electrodes are labeled as 1-step

(Figure 1c) and 2-step (Figure 1d) according to the number of

half graphene monolayer(s) involved. The size of graphite

electrodes in xy plane is 4.26 nm 3 4.18 nm; the distance

between two electrodes is fixed at �8.0 nm, which ensures the

ILs in the middle of the channel in bulk state. To investigate

the interfacial phenomenon in supercapacitors after applying a

potential, small partial charges were placed on a planar image

surface that is 0.07 nm away from the inner graphene sheet

directly contacting with ILs, which could mimic the potential

applied on electrodes.36 The charge densities (r) of the elec-

trode surface are 0.0 and 0.1 C/m2 in this work; for the

charged electrodes, to neutralize the overall MD system,

the lower and upper electrodes in Figure 1a carry charges

with the same amount but an opposite sign. Meanwhile, the

Figure 1. (a) Typical simulation cell for ILs/electrode system, (b) molecular structures of the cation and anions in
[emim][TFSI], (c) the graphite electrode with one stepped structure (1-step), and (d) the graphite elec-
trode with two stepped structure (2-step).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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simulation of electrodes without steps (denoted as 0-step) is
also performed to comparatively analyze the effect of stepped
surface structure on ILs. The number of ion pairs between two
electrodes was tuned to make the IL density in the middle of
the channel very similar (within 1.2%) to that in a bulk simula-
tion. Furthermore, additional simulations were performed to
evaluate the dependence of IL-electrode interfacial structures
on the IL density at the channel center, by reducing the
channel-central IL density by 4.1% compared with bulk den-
sity. It is found that the IL-electrode interfacial structures are
insensitive to the precise value of the IL density at the channel
center. The force fields for the electrode atoms (carbon) and
ILs were obtained from Ref. 37.

Simulations were carried out in the NVT ensembles using a
user-modified version of MD package GROMACS.38 In the
simulation system, the electrolyte temperature was maintained
at 298 K using the Nose–Hoover thermostat. The slab-PME
method39 was used to compute the electrostatic interactions in
the two-dimensionally periodic geometry adopted here. Spe-
cifically, the dimension vertical to electrode of the simulation
box was set to be five times the electrode separation,40 which
is sufficient to ensure that the accuracy of electrostatic force
calculation is comparable to that of the two-dimensional (2-D)
Ewald method.39 An FFT grid spacing of 0.10 nm and cubic
interpolation for charge distribution were used to compute the
electrostatic interactions in reciprocal space. The cutoffs for
both Coulombic and van der Waals interactions are 1.1 nm.
LINCS algorithm41 is used to constrain all chemical bonds of
ions. The simulation was initially run for 1 ns at a very high
temperature (1000 K) to accelerate the movement of ions for a
quite random initial configuration; then, the system was
annealed gradually to 298 K within 3 ns; finally, the system
was equilibrated at constant temperature (298 K) for another 6
ns, and then a 12-ns production was performed for data
analysis.

Results and Discussions

The effect of step thickness on the microstructure of ILs at
stepped graphite electrode surface was first investigated by
analyzing the number density (qn) profiles of cation (emim1)
and anion (TFSI2) near neutral electrodes. Note that the mass
center of an ion is used for the number densities of all ions in
this work); from the easier to the more advanced, in this sec-
tion, one-dimensional (1-D) microscopic structures were first
discussed, followed by the 2-D structure analysis. As shown in
Figure 2, it is observed that there is a cation peak accompany-
ing with an anion peak located at 0.25–0.55 nm from electrode
because of the ion-electrode interactions and cation-anion cou-
pling; cations and anions have a hierarchical structure of stag-
gered distribution with oscillatory behaviors, similar to
previous work.18,29,30

However, in contrast to nonstepped planar electrodes,
remarkable phenomena in stepped structure were observed:
(1) there is an extra outstanding cation-anion coupling layer in
stepped graphite except the one closest to the intact graphene
surface (Figures 2b, c); (2) the ILs near 1-step electrode
exhibit the lowest oscillation amplitude (Figure 2b) while the
2-step structure shows the highest (Figure 2c). The first phe-
nomenon may be attributed to the joint effect of the cation/
anion layers formed at the exposed intact graphene and those
formed at the exposed half-sized graphene, leading to the
enhanced ion density at the second peak. However, such
explanation seems contradictory with the observation in phe-
nomenon 2 that shows different ion layering. Recent work
indicated that different distributions of ions could impose a
great effect on charge/discharge process in supercapacitors,
due to the strong correlation between diffusion/microscopic

Figure 2. Density distribution profiles of ions at neutral
electrode surface.

(a) Planar electrode (0-step electrode), (b) 1-step elec-

trode (see Figure 1c), and (c) 2-step electrode (see Figure

1d). The vertical dashed lines are used to show the posi-

tion of stepped graphene. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.

com.]

Figure 3. The comparison between density distribu-
tions of ions at planar electrode surface
after superposition and in MD simulation
with stepped electrode surface.

(a) 1-Step electrode; (b) 2-step electrode. In legend, MD

indicates that the ion distributions are generated from

stepped electrode simulation system, and superposition

represents that it is a theoretical density distribution

based on interference theory. The dashed lines perpen-

dicular to the z axis show the position of stepped struc-

ture. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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flow of ions and ion distribution (e.g., counterion/co-ion lattice
pattern).42

To reveal the mechanism underlying the second phenom-
enon, EDL interference theory,43,44 similar to the wave inter-
ference in physics, is used: the EDL structure contains both
peak and trough, similar to the wave; when two EDLs interfere
with each other, the high cation/anion peaks will form an
enhanced peak at the location where they meet, while the low
ones will form an declined peak. According to this concept of
EDL interference, the interfered ion distribution at stepped
electrode surface (Figure 3) was derived by the superposition

of ion distribution functions at an ideal graphite surface

(Figure 2a). Specifically, the ion distribution function, qn(z), in

Figure 2a is shifted toward the channel center by one or two

layer spacing, L, (0.341 nm or 0.682 nm) of graphene along z
direction (Figure 1a), and then superimposed with the

unshifted one to obtain the ion distribution as a result of inter-

ference. The ion distribution via such an interference would

be expressed mathematically as qtot(z) 5 qn(z) when z� L and

qtot(z) 5 [qn(z) 1 qn(L 1 z)]/2 when z> L.
According to Figure 3, the superposition-predicted ion dis-

tribution is quite similar to the one directly obtained from MD

simulation of stepped electrodes: identical cation/anion peak/

trough locations with similar magnitudes. The mechanism

underlying this phenomenon can be explained by the structure

interference theory: (1) the ion layer spacing near 0-step pla-

nar electrode is determined by ion size, which is �0.7 nm26;

(2) as for 1-step electrode, shifted by 0.341 nm in z direction,

the peak and trough of ion distribution profiles are overlapped

with the trough and peak of the unshifted one, respectively,

resulting in weakened peak and trough; (3) for 2-step elec-

trode, the ion peak and trough shifted by 0.682 nm in z direc-

tion are overlapped with those of unshifted one, respectively,

therefore leading to enhanced ion peak and trough. This struc-

ture interference can also be applied to ion distribution at

stepped electrode with charges. The ion distribution in EDL

with the surface charge density of 0.1 C/m2 is reported in

Figure 4a for 0-step electrode; the ion distribution profiles at

1-step electrode surface, obtained directly from MD simulation

and processed via the interference theory, are shown in Figure

4b. It can be observed that in order to neutralize the positive

charges on electrode, more anions are concentrated at the loca-

tion of the first peak; the oscillation behavior of hierarchical

structure becomes stronger due to the electrical shielding45;

similarly, the oscillation behavior becomes weaker at charged

1-step electrode compared with charged 0-step electrode.
To obtain more detailed information of interfacial micro-

structure of ILs, we analyzed the 2-D ion density in xz plane at

1-step graphite electrode. As shown in Figure 5, it is found

that at neutral surface, the cation/anion layering is still a key

Figure 4. When the charge density of electrode is
0.1 C/m2, (a) the microstructure of EDL at 0-
step electrode surface, (b) the comparison
between ion distribution functions at 1-step
electrode surface before and after superpo-
sition.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Two-dimensional number density distribution of cations (a) and anions (b) near neutral 1-step graphite
electrode.

The red dashed line represents the position of the half-sized graphene. The unit of color bar is #/nm3. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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feature for interfacial ILs.18,29,30 Cations are closer to the sur-

face than anions, as the imidazolium ring tends to be parallel

to the graphene sheet18,29–31 and the size of cation is smaller

than the anion, in particular, along the dimension vertical to

the ring.26 The region of high ion (both cation and anion) den-

sity on the graphene step (i.e., x>�2.0 nm) corresponds to

that of low ion density below the step (i.e., x<�2.0 nm), so

that there is less layering present in 1-D ion density profiles

(Figure 2) that are generally measured by AFM along the

direction vertical to the electrode surface.21,22 Meanwhile, the

2-D ion structure becomes more disordered (i.e., ion layering

is less defined) in the region near the step edge (i.e., x �
2.0 nm); the ion density decreases as well, which is similar to

the observation by Mendonça et al.46 that the surface rough-

ness could result in a decreased ion density.
The structure-interference-predicted results could provide

insight into experimental measurements. For instance, in AFM

experiments,20–23,28,33 AFM tips may easily detect the first cat-

ion/anion layer in 1-step electrode and more layers in 2-step

electrode, since beyond the first layer the cation/anion layering

is not quite evident for ILs near 1-step electrode but strong

near 2-step electrode. In addition, the application of EDL

interference theory is expanded by the comparative analyses.
It is verified in this work that EDL interference theory works
not only for the interference of EDL stemming from opposite-
facing walls in slit pore of porous electrode,43,44 but also for
the lateral interference stemming from the electrodes on the
same side.

Considering the structural transitions of EDLs occurring
between neutral and charged situations,47,48 to further examine
the microstructure of ILs near the graphite electrode, the ion
distribution was analyzed in xy plane of the electrode surface.
As shown in Figure 6, the 2-D distribution of ions in the first
ion layer (0–0.55 nm) near neutral 0-step electrode surface
reveals that both cations and anions adsorb on the electrode in
a certain pattern (loosely with a gap of an integer multiple of
the ion size). When cations and anions are plotted in one figure
(Figure 7a), it is shown that they are packed alternatively in xy
plane of the electrode surface (i.e., a 2-D lattice with counter-
ion and co-ion interlocked with each other like in an ionic
crystal42), and homogenously distributed in an aligned pattern.
However, the pattern of ion packing is less defined in the sec-
ond layer (0.55–1.1 nm) as shown in Figure 7b. This may be
ascribed to the fact that the ions further from the electrode sur-
face are less influenced by the solid surface confinement. The
2-D ion distribution changed obviously as the electrode sur-
face was charged with a surface charge density of 0.1 C/m2 in
Figures 7c, d. Specifically, there are more anions than cations
accumulated in the first layer, thus the counterion/co-ion lat-
tice becomes obscure. But, there is still a certain pattern
observed in this layer where anions dominate (i.e., the counter-
ions are aligned). However, similar amounts of cations and
anions in the second ion layer are observed, which are more
randomly distributed compared with those in the first layer. In
brief, at the charged electrode surface, the interlocked counter-
ion/co-ion lattice of the first layer is less defined, whereas the
ions of the second layer tend to be randomly distributed.

Conclusion and Prospective

The microscopic structure of ILs at different stepped elec-
trode surfaces is studied by MD simulation in this work.
Although the hierarchical structure and the alternative cation-
anion distribution on stepped graphene are consistent with
those reported for idealized graphene in literatures,18,29–31 the
stepped electrodes exhibit quantitatively distinctive ion distri-
bution, which can be reasoned by the EDL interference theory.
For 1-step electrode, the oscillation behavior is weakened due
to the resultant deconstructive interference of the ion distribu-
tion functions from the idealized graphene and 1-stepped gra-
phene, respectively, resulting in the homogenous ion
distribution along z direction. For 2-step electrode, the oscilla-
tion is enhanced due to the constructive interference of the ion
distribution functions from the idealized graphene and 2-
stepped graphene, respectively, resulting in the heterogeneous
ion distribution along z direction. As the step thickness (the
vertical distance between the exposed half-sized graphene and
the intact graphene) is approximately one half of (1-step) or
identical to (2-step) the ion size, which determines the distance
of two neighboring ion density peaks or troughs, the interfer-
ence is either constructive or deconstructive depending on the
coincidence of peak-trough or peak-peak (trough-trough). It
should be noted that, for other ILs in which the ion size to the
step thickness ratio is not nearly an integer, the ion distribu-
tions at stepped electrode may be more complicated, requiring
further investigation. Furthermore, the 2-D number density

Figure 6. Two-dimensional number density distribution
of cations (a) and anions (b) in the first ion
layers near neutral 0-step graphite electrode.

The unit of color bar is #/nm3. [Color figure can be

viewed in the online issue, which is available at wileyon-

linelibrary.com.]
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distributions of cations and anions in the first and second
layers near neutral 0-step graphite electrode were examined to
exhibit different microstructures: at neutral electrodes, the
ions are distributed as interlocked counterion/co-ion lattices in
xy plane of electrode surface; at charged electrodes, the ions
of the second ion layer are more randomly distributed than
those of the first one.

It is worthy to note that although the carbon electrode used
in this work is more complicated than the ideal nondefective
electrode, the model of stepped structure is still a simplified
one (e.g., step edge has a regular shape of zigzag or armchair)
compared to the real electrode structure. Moreover, the
changes in ion distribution stemming from stepped surface
may impose a great impact on ion diffusion as well as the
microscopic flow of electrolytes in supercapacitors.42 There-
fore, a great deal of effort is required to continue the study of
the EDL microstructure and transport phenomena at more real-
istic surface (e.g., multistepped structure and irregular defect
edge) in the future. In addition, there may be some functional
groups decorated on the edge defect (e.g., hydroxyl, aldehyde,
and carboxyl)49,50 of carbon electrode generated by different

synthesis methods. The role of these functional groups in ILs

adsorption is still waiting for exploration.
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