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ABSTRACT: The electric double layer structure and differential
capacitance of single crystalline Au(100) electrodes in the ionic liquid
1-butyl-3-methyl-imidazolium hexafluorophosphate are investigated
using molecular dynamics simulations. Results show strong adsorption
on the electrode surface. The potential of zero charge (pzc) and
maxima of differential capacitance are strongly dependent on the
adsorption layer structure. At potentials near the pzc, cations and
anions adjacent to the electrode surface are coadsorbed on the same
screening layer. This strong adsorption layer results in overscreening
effects on the compact layer and induces both a bell-shaped differential
capacitance curve and a positive pzc. Moreover, the potential required for transition from overscreening to overcrowding is about
4.0 V. This transition potential may be attributed to the higher interaction energy between the Au(100) electrode and ions
compared with the binding energy in our cation−anion system.
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1. INTRODUCTION

Room-temperature ionic liquids1,2 (ILs) are fascinating molten
salts and promising electrolyte candidates.3 The characteristics
of ILs include a broad electrochemical window, good ionic
conductivity, nonflammability, and low vapor pressure. These
characteristics contribute to the potential applications of ILs in
fuel cells, supercapacitors, and other electrochemical devices.
For applications in these fields, ILs must come into contact
with charged solid surfaces or be transported into charging and
discharging microporous cells.4−7 Hence, a more detailed
understanding of the molecular level description of ILs on
electrode surfaces is important, particularly in applications that
use electrolyte structures to store energy. Further analysis of IL
microlevel behaviors at electrodes and electric double layer
(EDL) structures is beneficial for designing and optimizing
different devices to achieve optimum performance.
ILs are governed by a complex combination of van der

Waals, Coulomb, dipole, and hydrogen bond interactions; this
complex combination is rarely observed in other materials.8 As
room-temperature molten salts, ILs constitute infinite concen-
trations of electrolytes. The IL/electrode system is difficult to
depict via conventional electrochemical theories that depend on
dilute-solution approximation. Addressing these questions
through experiments is difficult because it is lack of direct
microscopic techniques and appropriate samples to observe the
molecular scale dependence of the electric potential change.4,9

Considering the potential technological applications of ILs in
electrochemical devices, many scientists have conducted

electrochemical experiments on the IL/electrode system to
hypothesize the possible EDL structures. These vast amounts of
experiments all underlie the voltage dependence of interfacial
capacitance and these capacitance−potential curves are
puzzling, that is, a weak dependence of electrode potential,
dependence on the IL purification procedure, the reference
electrode stability, the surface of electrode materials, and the
methods for extracting capacitance data from experiments.10−24

Electrochemical studies are so rarely performed on genuinely
clean and structurally well-defined crystal surfaces, particularly
in electrode materials, that extensive quality differences may be
observed among available reports. Using polycrystalline
electrodes in these studies increases the complexity of precise
analysis and theoretical modeling. Polycrystalline surfaces lack
identical arrangements of the ionic adsorption layer, which
could contain abundant information on the different EDL
structures of single crystalline surfaces. Several scholars recently
conducted electrochemical experiments using combined in situ
scanning tunnelling microscopy and in situ atomic force
microscopy on completely single crystalline metal electrodes
and extremely pure ILs.19−29 Unfortunately, the important
experiment results of these studies lack reasonable under-
standing at the molecular scale.
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From the theoretical point of view, the IL/solid electrode
interface has been poorly investigated until very recently.30−50

The experimental results of bell-shaped or camel-shaped
differential capacitance curves in ILs with one or several
maxima are evidently different from the U-shaped curves
typically observed in dilute electrolytes. Thus, these and similar
results cannot be solely described using standard Gouy−
Chapman−Stern theory. Kornyshev31−33,45 recently developed
a new mean-field-based theory that qualitatively describes the
effects related to the bell-shaped or camel-shaped differential
capacitance curves as well as lattice saturation in the IL/
electrode systems. Oldham42 further demonstrated that the
same qualitative description can be obtained by replacing the
solvent−ion viewpoint with cation−anion exchange in a
conventional Gouy−Chapman−Stern model. Lamperski et
al.46,47 applied atomistic simulations and modified Poisson−
Boltzmann theory to reveal that a bell-shaped differential
capacitance can be promoted by high density and high thermal
energy. By contrast, the custom U-shaped differential
capacitance can be obtained by low density and low thermal
energy. Despite the improved understanding such findings
provide, however, these semiphenomenological theories omit
many important details of the chemical interactions. Such
details include simple spherical models or ionic sizes and
descriptions of the specific adsorption interaction between the
electrode surface and ions. In contrast to these semi-
phenomenological theories, the majority of recent atomistic
simulation studies on IL/electrode systems have focused on
simple models designed to represent generic features of flat
electrode surfaces and ILs.34−41 A report by Tazi et al.48

discussed the EDL structures of inorganic salt LiCl to represent
common IL on single crystalline electrode surfaces. However,
no study has yet simulated a real IL/single crystalline metal
electrode system nor discussed possible molecular-scale EDL
structures in comparison with single crystalline metal electrode
experimental results.
In the present work, we use atomistic molecular simulations

to study the IL 1-butyl-3-methylimidazolium hexafluorophos-
phate (BmimPF6) on a Au(100) electrode surface in the
molecular scale. BmimPF6 was selected because of its popular
applications in electrochemical device, wide electrochemical
window, and high stability. The Au(100) electrode surface was
chosen because it represents a typical single crystalline metal
electrode and has been examined in several electrochemical
experiments.19−23 We investigate variations in the EDL
structures and differential capacitance as functions of electrode
potential. Unlike in previous reports on suggested EDL
structures, our simulations reveal that BmimPF6 on the
Au(100) electrode exhibits a bell-shaped differential capaci-
tance. This curve is highly dependent on intensive adsorption
interactions between the metal electrode surface and ions. This
specific adsorption interaction results in overscreening effects
and a positive potential of zero charge (pzc). Molecular
dynamics simulations of this IL/single-crystalline metal
electrode have allowed us to gain molecular insight into the
complex EDL structures for real ionic liquids and single-
crystalline metal electrodes, especially in ion size and specific
adsorption interactions between electrode surfaces.

2. METHODOLOGY AND SIMULATION DETAILS
The [Bmim][PF6] molecule was treated as a systematic all-atom
OPLS-AA force field51 as developed by Lopes et al.,52 which was
successfully used in our previous simulations.53,54 The model system

consisted of 314 [Bmim][PF6] molecules and two Au electrode
surfaces in a tetragonal box. The electrodes included 588 fixed Au
atoms arranged in a face-centered cubic (fcc) structure with the (100)
surface exposed to the IL. The dimensions of the cell were 28.56 Å in
the x and y directions and 125.92 Å between the innermost layers of
electrode atoms along the z direction. A 100 Å slab of vacuum was
inserted into the cell to separate each electrode from the next periodic
imagine in the z direction and eliminate artifacts from the periodicity
of the simulation cell.55,56 The 314 [Bmim][PF6] molecules of bulk
phase IL were simulated first for 2 ns in the isothermal−isobaric
ensemble to ensure full equilibration. The equilibrated bulk-phase IL
was inserted within the electrodes aligned in the z direction (Figure 1).

Here, the bulk-phase IL was not in contact with the electrode surfaces;
the IL was approximately 0.3 nm away from the surfaces. A constant
charge method was used to simulate the electrode charge, in which a
constant and uniform charge was assigned to each Au(100) surface
atom. A complete model should consider the electron density on the
Au electrode surface and the surface electron response to the EDL.
However, a simplified approach to constant charge allocation provides
valuable insights into the EDL structures of the IL on the single
crystalline metal electrode; this approach has been applied well in
other electrolyte/metal electrode systems.57−59 In our simulation, each
Au atom within the first layer of the Au(100) anode surface (facing the
bulk-phase IL) was allocated with a quantitative positive charge in our
simulation systems. The system was neutralized by assigning the same
value of negative charge to the Au atoms of the Au(100) surface in the
cathode. The surface charge density σ can be obtained by summing all
of the atom charge within the Au(100) electrode and then dividing the
electrode area. Simulation trajectories were also obtained for 25
applied voltages between Au(100) electrodes. At each applied voltage,
EDLs at the negative and positive electrodes were analyzed separately,
and 50 EDL structure data were obtained. Surface van der Waals
(vdW) interactions of Au(100) atoms were represented by a 6−12
Lennard−Jones potential with the cross-sectional parameters σ =
0.33124 nm and ε = 22.1333 kJ/mol in our simulation. These
parameters, which were developed by Heinz et al.,60 can accurately
reproduce the properties of the fcc Au metal surface.

Periodic boundary conditions were applied in all directions. In all
simulations, bond length was constrained using the lincs algorithm.
The Lennard−Jones interaction cutoff was set to 1.2 nm. Long-range
Coulomb interactions were addressed using the particle mesh Ewald
method with a cutoff of 1.2 nm and a grid spacing of 0.12 nm. The
Au(100) electrode surfaces were fixed in our simulations. The melting
point of the bulk [Bmim][PF6] at ambient pressure (0.1 MPa) was
estimated to be approximately 279 K.61 Thus, a series of simulations
was performed at a fixed temperature of 300 K using Gromacs 4.362,63

to ensure that the IL remained in the liquid state. A Berendsen
thermostat was used to mimic weak coupling, and cations and anions
were separated into two heat baths with temperature coupling
constants of 0.1 ps. All systems were run for 1 ns at 1000 K and then
annealed from 1000 to 300 K in three stages: 1 ns at 800 K, 1 ns at 600

Figure 1. (a) Molecular structure of [Bmim][PF6] with atomic labels.
(b) The schematic configuration of the simulation unit cell.
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K, and 1 ns at 300 K. All configurations were subsequently equilibrated
in the NVT simulation for 10.0 ns followed by a trajectory of duration
of 10.0 ns with a time step of 2 fs.

3. RESULTS AND DISCUSSION
3.1. Differential Capacitance and Integral Capaci-

tance. The differential capacitance and integral capacitance

(C) is plotted as a function of the EDL potential drop (U) in
Figure 2. To obtain the differential capacitance and integral
capacitance, we first calculate the total Poisson potential: ϕ(z).
The Poisson potential can be obtained by integrating the
Poisson equation d2ϕ(z)/dz2 = −ρ(z)/ε0 for the measured
charge profile along the z-axis: ρ(z). The potential drop within
the electric double layer can be calculated by the equation U =
ϕelectrode − ϕbulk − pzc. The pzc can be determined from the
difference between the Poisson potential on the electrode and
that in the bulk for simulations on uncharged electrode surfaces
(Details of the differential capacitance, integral capacitance and
pzc calculation are shown in the Supporting Information). The
pzc in our simulation system was 0.45 V, which is very different
from the negative pzc obtained on a graphite electrode
surface.35 The Au atoms within the electrode have a higher
surface atom density and stronger van der Waals forces than the
carbon atoms in graphite. Hence, high affinity toward cations is
produced because the cation possesses a large imidazolium ring
and a long alkyl chain. This finding also coincides with the
neutron reflectometry experiment,29 in which the long alkyl
chain cation of IL was specific adsorbed even at a positively

charged Au electrode. It illustrates that the selection of different
electrode surfaces and ILs may induce different adsorption
formations and alterable differential capacitance curves on
electrode surfaces.
The differential capacitances and the integral capacitance

illustrated in Figure 2 both indicate a bell-shaped curve with
two declining wings. These capacitance curves exhibit maxima
ranging from +0.1 V to +0.2 V and two minima ranging from
−0.2 to −0.8 V and from +1.2 V to +2.0 V. These data of
differential capacitance are very similar to the experimental
results of the same IL on a Au(100) electrode22 (i.e., 4−8 μF/
cm2). Moreover, this bell-shaped curve is similar to the
electrochemical observation of the IL on single crystalline Au
electrodes.20,21,23,24 Our analysis on mechanism underlying the
EDL structures with electrode potentials focuses on differential
capacitance, since differential capacitance is the most important
observable of electrochemistry experiments. Hence, we will
focus on the discussion of differential capacitance in this work.
The pzc in our simulations remarkably showed neither a
minimum nor a maximum in differential capacitance. In
conventional double-layer theories, a differential capacitance
minimum is predicted at the pzc position. However, IL systems

Figure 2. Differential capacitance and integral capacitance as a
function of electrode potential relative to the pzc. (a) Differential
capacitance. (b) Integral capacitance.

Figure 3. Separated ion mass density profiles for BmimPF6 at different
applied electrical potential. The potentials were shown for three
different values of the absolute values of the charge density of
electrodes, the green line corresponds to 1.53 μC/cm2, the red line
corresponds to 0.58 μC/cm2, and the black line corresponds to the
uncharged electrodes. The applied Poisson potentials at the anode and
the cathode were all relative to pzc and labeled separately in the figure.
The anode and the cathode were separately placed at x = 0.4 nm, and
x = 13.0 nm. (a) The mass density profile of cation. (b) The mass
density profile of anion.
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are very different from those systems described in conventional
double-layer theories. Many experimental results clearly
confirm that the position of the minimum or maximum of
the differential capacitance in IL systems often does not
correspond to the pzc.
The curve shape of the IL differential capacitance is another

interesting finding. Kornyshev31 discussed changes in the
differential capacitance curve from camel-shape to bell-shape
by introducing a lattice saturation parameter γ. In the
Kornyshev mean-field model, the parameter γ describes a
possible local concentration of the ions near the electrode
surface and determines the curve shape. Lamperski et al.46,47

further demonstrated that a bell-shaped curve of the differential
capacitance can be obtained by increasing the local density of
the hard sphere on the electrode surface. In our simulation
system, the bell-shaped curve could be attributed to the high

local density of ions near the electrode surface. Considering the
strong affinity between the Au(100) electrode and the ions, a
dense layer is induced on the electrode surface. This finding can
be confirmed by the mass density profile of the ions (as shown
in Figure S1, Supporting Information).
The cations and anions presents in the high-density layer

near the electrode surface are located at the pzc. The mass
density of ions on the Au(100) electrode is higher than that
reported for the same IL on a graphite surface.53 This finding
shows specific adsorption interactions between the electrode
and ions. Intensive adsorption interactions can be further
confirmed by the interaction energies between the electrode
surface and cations in the nearest dense layer. The cations in
the nearest dense layer can be obtained by counting all of the
cations in which the distance from the electrode surface is less
than the first minimum value of the cation mass density

Figure 4. Atom number density as a function distance from the electrode surface for a series of electrical potential for (a) P in anion PF6 and (b) N
in cation Bmim. The potential are relative to pzc. Represented in the x axis are the distances from the electrode, in the y axis are the EDL potentials
to pzc, and in the z axis are the actual values of the atom number density.

Figure 5. Sliced average charge density per unit surface area, scaled to the absolute value of the surface charge density of the electrode as a function
of the applied Poisson potential. σe is the absolute values of the surface charge density of the electrode, (a) σe = 0.58 μC/cm2, (b) σe = 1.53 μC/cm2,
(c) σe = 5.76 μC/cm2, and (d) σe = 15.37 μC/cm2. The charge density per unit surface area calculated for 0.1 nm thick slices. The anode and the
cathode was separately placed at x = 0.4 nm, and x = 13.0 nm. The applied Poisson potentials at the anode and the cathode were all relative to pzc
and labeled separately in the figure.
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distribution at the electrode surface, that is, 0.6 nm (see the
cation mass density distribution in Figure S1, Supporting
Information). In the nearest dense layer, the interaction energy
between each cation and the Au(100) electrode is −226.76 kJ/
mol, which is higher than the cation−anion interaction energy
−175.29 kJ/mol. This result implies that strong interactions
between the Au(100) electrode and cations produce specific
adsorption effects on the cations on the electrode surface and
induce a bell-shaped differential capacitance curve.

3.2. Ion-Density Profile. To provide insights into the EDL
structures in our electrode−electrolyte system, we examined
the arrangement of electrolyte ions on the electrode under
different electrical voltages. The ion density profiles of cation
and anion along the z-axis (perpendicular to the electrode) are
shown in Figure 3. The anode and cathode were placed at x =
0.4 nm and x = 13.0 nm, respectively.
The mass density of the cation exhibited a large dense peak

at the anode and cathode surfaces, which indicates strong
specific adsorption interactions between the electrode and

Figure 6. Poisson potential profiles across the simulation cell in z axis. The potentials were shown for four different values of the absolute values of
the charge density of the electrodes, (a) 0.58 μC/cm2, (b) 1.53 μC/cm2, (c) 5.76 μC/cm2, and (d) 15.37 μC/cm2. The anode and the cathode was
separately placed at x = 0.4 nm, and x = 13.0 nm. The applied Poisson potentials at the anode and the cathode were all relative to pzc and labeled
separately in the figure.

Figure 7. Representative snapshots of the EDL ion structures at the electrode for the different electrical potentials, (a) −3.9 V, (b) −1.9 V, (c) −0.14
V, (d) PZC, (e) 0.08 V, (f) 2.05 V, (g) 3.75 V. In these snapshots, we selected ions whose centers of mass were located within 1.0 nm from the
electrode surface (a, b, f, g), except from the small electrical potential, were located within 0.5 nm (c−e). The Au electrode atoms are represented as
green spheres, the anion atoms are represented as orange spheres and the cation atoms are represented as rod-shape.

Figure 8. Dependence of the electrode surface charge density versus
the square root electrical potential. The circle symbols are simulation
data points, the straight lines are the fits to MD data. Inset shows the
magnified part of the figure.
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cations. From the pzc to a small electrical voltage (i.e., a small
surface charge density on the electrode), the cation density
peaks retain their positions and heights because of specific
adsorption interactions with the electrode surface. Only under a
high electrical voltage do the cation density peaks apparently
decrease at the anode and increase at the cathode. By contrast,
the anion density peaks ascend slightly at the anode and
gradually descend at the cathode while slowly shifting away
from the cathode under a change in electrical voltage. These
results show that near the pzc or under a small surface charge
density, the electrical voltage difference is mainly derived from
the compact layer structure composed of the modified anion
layer and the unmodified cation adsorption layer.
For a small positive surface charge density at the anode, the

anode surface hardly rearranges cations and produces enough
surface sites to attract additional bulk anions into the compact
layer. At the cathode, the anions within the compact layer are
easily expelled from the compact layer, which produces a
compact layer with a large net positive charge. Only a large
electrode surface charge can change a compact layer in the
cation and anion layers. The differential capacitance can be
depicted by C = dσ/dφ, which means that the smaller the value
of dφ induced by the unit surface charge density dσ, the larger
the value of the differential capacitance. Hence, at a small
positive surface charge density σ, the dφ contributed by an
increase in the anion layer density peak is relatively smaller at
the anode than the dφ produced by both an anion layer
increase and cation layer decrease under a high surface charge
density. For example, the potential difference Δφ at the anode
is 0.35 V for surface charge density differences from 0 μC/cm2

to 1.92 μC/cm2. By contrast, under the same charge density
difference from 3.84 μC/cm2 to 5.76 μC/cm2, the potential
difference Δφ is 1.20 V. This finding may explain the vertex of
the bell shape produced in our system by the differential
capacitance under a small positive electrical voltage. Our results
also coincide with Kornyshev’s EDL theory,31 in which larger

cation sizes in the EDL result in a shift in the capacitance
maximum toward positive potentials.
Our simulation results further show the asymmetric profile of

the anion density peak locations at the cathode and anode (i.e.,
the anion density peak shifts away from the cathode and
remains at the same position at the anode when the electrode
surface charges are opposite in sign). At the cathode, the
drifting location of the anion density peak indicates a relative
increase in cation density peak in the compact layer. This
increase results in enlarged EDL screening at the cathode,
which produces a high electrical potential difference and low
differential capacitance. This finding can explain why the
minimum of the differential capacitance curve locate at a small
negative electrical voltage range, that is, around −0.8 V at the
cathode. This drifting behavior of the anion density peak at the
cathode can be confirmed by the atomic number density
profiles in the EDL regions, which are functions of the distance
from the electrode surface for the entire range of electrode
potentials investigated (Figure 4). The location of the number
density peak P (in anion PF6) is gradually moves away from the
electrode under negative electrical potentials, whereas the
number density peak N (in cation Bmim) shows a minimal
change in location over the entire electrode potential range.

3.3. Electric Double Layer Structures. To obtain a more
detailed picture of the relationship between the EDL structures
and the differential capacitance as a function of the applied
electrical potential, we sliced the slab between the electrodes
into 0.1 nm layers. In the sliced slab, we show the average
charge density per unit surface area and then scale to the
absolute value of the surface charge density of the electrode.
The results are shown in Figure 5. For small electrical voltages,
the corresponding groups of these same charges and counter-
charges nearest the electrode provide the higher values than the
absolute charge density of the electrodes. This condition is
known as the overscreening effect, which was first proposed by
Kornyshev31 and has been extensively discussed in many

Figure 9. Atom number density as a function distance from the electrode surface for a series of electrical potential for P in anion PF6 and N in cation
Bmim. The potential are relative to pzc. (a) 2.95 V@−3.17 V. (b) 3.65 V@−3.9 V. (c) 4.85 V@−5.23 V. (d) 7.40 V@−8.0 V.
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papers.31−40 In our system, this type of overscreening structure
evidently differs from the common overscreening. Considering
the small electrical voltages used in our system, regardless of
the location at the anode or cathode, the first screening layer
nearest the electrode is always a small negative charge layer;
this layer is followed by two larger overscreening layers with
separate positive and negative charge. This phenomenon
diminishes until electroneutrality is reached after a set of
screening of the counter charges. As shown in Figure 5c and d,
the overscreening effect persists, particularly at the anode, even
at high electrical voltages. Overscreening can be easily observed
at the anode because the anion is smaller than the cation and
can therefore form a dense ion-rich region in which to screen
anode surface charges. This overscreening effect gradually
decreases with increasing applied electrical potential. In Figure
5d, the values of the positive screening charges of the cation
layer at 12.7 nm are very similar to the absolute values of the
negative surface charges of the cathode. At high electrical
potentials, the first screening layers at the anode and the
cathode correspond to a net anion layer and a net cation layer,
respectively. This finding can be proven by the disappearances
of the P atom number density of the anion at high negative
potentials and the N atom number density of the cation at high
positive potentials, as shown in Figure 4. The corresponding
snapshots of the EDL structures in Figure 7 could also confirm
these findings.
As shown in Figure 5d, a net anion layer in the first screening

layer corresponds to a sandwich-type charged structure (i.e., a
net positive charge layer located between two net negative
charge layers), whereas a net cation layer corresponds to a net
positive charge layer. A sandwich-type structure of the charge
layers is rooted in three separate density peaks of the PF6 anion
in Figure 3b. The positively charged layer is induced by the
positive atom charge of P, whereas the negatively charged layers
are produced by the negative atom charge of F in the anion. At
moderately high potentials, the first screening layer consists of
anions and cations, which are both strongly adsorbed on the
same plane parallel to the electrode surfaces. Furthermore, the
imidazolium ring of the cation in the first screening layer lies on
the electrode surface and is closer to the electrode surface than
the anion. This condition results in a decrease in the first-
negative charge layer and an increase in the middle-positive
charge layer in the sandwich structure. This strong adsorption
screening layer also explains the severe overscreening effect
observed at small electrical voltages. Considering overscreening
effects in the first screening layer, the next layer must have a net
positive or negative charge to compensate the overscreening
charge of the first layer. At small electrical potentials, electrical
potential differences induced by overscreening are even higher
than that of the compact layer of the EDL. This finding can be
seen in Figure 6, which describes Poisson potential profiles
across the z axis in the simulation cell. In Figure 6a, the location
of the first potential peak between 0.7 and 0.8 nm near the
anode corresponds accurately to the first screening layer
location in Figure 5a. Similar results of potential peak location
corresponding to the screening layer location can be observed
at the cathode in Figures 5 and 6. These contrastive results
clearly indicate that the overscreening layer on the electrode
surface results in an extra potential difference at the anode and
cathode. Especially under small absolute values of electrode
charge, this extra potential difference may be higher than the
potential difference induced by the compact layer. Apparently,
two primary screening ion layers were induced by this

overscreening effect adjacent to the electrode surface. In Figure
6, the Poisson potentials at the anode and cathode always
oscillate two potential peaks and then gradually decay to a fixed
potential. This potential difference induced by the over-
screening effect decreases following the increase in electrode
surface charge. As shown in Figure 6d, the contribution of the
potential difference induced by the overscreening effect is
extremely small.
Representative snapshots of the ion layer structure in the

compact and intermediate layers of the EDL are shown in
Figure 7 to aid the interpretation of the ion layer structures in
Figures 5 and 6. The cations and anions are strongly adsorbed
in the same compact layer parallel to the electrode surface near
the pzc. The cation alkyl chain and imidazolium ring both lie on
the electrode surface. This also can be confirmed by the analysis
of the orientation of imidazolium ring and the alkyl chain at the
different electrical potentials (see Figure S9 in Supporting
Information). The number of cations in the compact layer of
the EDL is higher than the number of anions in the same layer.
This finding indicates a net cation adsorption effect on the
Au(100) electrode surface (Figure 7d). A similar cation
adsorption structure has been observed in a series of other
experimental observations24−26,64 and simulations on the same
IL.38,41,53,54 The strong adsorption layer has a net positive
charge that is higher than the absolute value of the entire
electrode surface charge under small applied electrical
potentials. Thus, the overscreening effect gradually decreases
following the increase in applied electrical potential. At high
electrical potentials, the compact layer of the EDL changes to a
net counter-charge layer (Figure 7a and g).

3.4. Surface Charge and Electric Voltage. Korny-
shev’s31−33 mean-field theory of IL EDLs predicted that the
electrode surface charge density increases at high potentials as
|σ| ∝ |U|1/2 and the differential capacitance correspondingly
decreases as C ∝ |U|−1/2. This behavior is considered as lattice
saturation, during which no more ions can be packed within the
single layer near the surface and thus the thickness of EDL can
grow to accumulate sufficient ions and compensate the high
charge on the electrode.
In Figure 8, the electrode charge clearly exhibits a linear

dependence on the square root of the potentials within the
range of 4.0−11.0 V, thereby following the expected theoretical
prediction of the differential capacitance C ∝ |U|−1/2 for the
highly charged electrode surface (see Supporting Information).
Our simulation results are in good agreement with other
molecular dynamics simulation results and mean-field theory of
ILs.31−37 At a lower potential range, the electrical potential
presents a slower increase than |U|1/2, which indicates that the
ions in the first screening layer (compact layer) on the
electrode surfaces are not overcrowded and therefore may
rearrange. At higher than 4.0 V, it seems that the compact layer
gradually changes into a net cation or anion layer. However, it
is not true for the ILs at the Au(100) electrodes, since the
cation−anion structure in the double layer is not typically
overcrowding in our system. This can be further analyzed by
the number density distribution in Figure 9. At anode, even the
electric potential attains 4.85 V, there is a little cation retaining
ion adsorption at the positive electrode surface. In Figure 9 (a−
c), the cations within the first ion layer gradually decrease and
the anions within the first ion layer retains an unchangeable
number density distribution by increasing the absolute electric
potentials at anode. Meanwhile, anions in the second layer are
slowly away from the anode surface. These associated effects of
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the decreased first cation layer distribution and the removed
second anion layer may finally produce a “quasi-overcrowding”
effect at the anode, that is, a linear correlation of the electrode
charge density versus the square root of electrical potential. In
Figure 9d, at a very large electrical potential, a typical
overcrowding effect for the thickness increase of anion layer
was presented at the anode. Differing from the anode, the
anions were completely pushed away from the cathode at −3.9
V in Figure 9b. Above −3.9 V, the typical overcrowding of the
anion layer thickness increase was found in Figure 9c and d.
By combination of the number density analysis and the σ-

U1/2 dependence in Figure 8, we obtained the transition
electrical potential of the overscreening to overcrowding is
about 4.0 V. Though there is a little difference in the transition
electrical potential between the cathode and the anode, this
value of transition potential is close to the simulation result of
Bazant et al.45 for the same type of transition. However,
Borodin et al.35 found that higher potentials (about 15 V) are
required for IL-graphite electrode systems to shift from
overscreening to overcrowding. This transition potential
difference may be attributed to the higher interaction energy
between the Au(100) electrode and ions compared with the
binding energy of our cation−anion system. This result is very
different from the close interaction energies observed between
the ions-graphite and the cations-anions in the IL-graphite
system.

4. CONCLUSIONS
Molecular dynamics simulations of IL BmimPF6 in contact with
single crystalline Au(100) electrodes were performed as a
function of electrical potential. These simulations enable us to
establish clear molecular insights into the changes in the ion
structure on electrode surfaces as well as the behavior of the
differential capacitance under changing electrical potentials.
Our simulations revealed that strong ion adsorption inter-
actions between the Au electrode surface and ions adsorption
layer mainly determine the behavior of differential capacitance.
This strong adsorption layer results in overscreening effects on
the first screening layer and induces the pzc to move toward
positive potentials. We further observed that the potential
required to transition from overscreening to overcrowding is
about 4.0 V. This transition potential may be attributed to the
higher interaction energy between the Au(100) electrode and
ions compared with the binding energy of cation−anion in our
system.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed force field parameters, mass density of ionic liquid at
Au(100) electrode, detailed introduction of the differential
capacitance and integral capacitance calculations, potential of
the zero charge, charge density profiles, and orientation of
cations in the EDL at different applied electrical potential. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*Tel.: +86-021-59558905. Fax: +86-021-59558905. Email:
wuguozhong@sinap.ac.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the National Science Foundations
of China (11079007, 20103040, and 21173002), the Anhui
Provincial Natural Science Foundation (1408085QB37), and
the Natural Science Foundation of the Anhui Higher Education
Institutions of China (KJ2012Z329).

■ REFERENCES
(1) Welton, T. Room-Temperature Ionic Liquids. Solvents for
Synthesis and Catalysis. Chem. Rev. 1999, 99, 2071−2084.
(2) Rogers, R. D.; Seddon, K. R. Ionic LiquidsSolvents of the
Future? Science. 2003, 302, 792−793.
(3) Robinson, J.; Osteryoun, R. A. An Electrochemical and
Spectroscopic Study of Some Aromatic Hydrocarbons in the Room
Temperature Molten Salt System Aluminum Chloride-n-butylpyridi-
nium Chloride. J. Am. Chem. Soc. 1979, 101, 323−327.
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