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Abstract The structure and charging kinetics of electrical
double layers (EDLs) at interfaces of NaCl solutions and
planar electrodes are studied by molecular dynamics (MD)
and Poisson–Nernst–Planck (PNP) simulations. Based on
the MD results and prior experimental data, we show that
counterion packing in planar EDLs does not reach the
steric limit at electrode voltages below 1 V. In addition, we
demonstrate that a PNP model, when complemented with a
Stern model, can be effectively used to capture the overall
charging kinetics. However, the PNP/Stern model can only
give a qualitative description of the fine features of the
EDL.

The structure and charging kinetics of the electrical double
layers (EDLs) near polarized electrodes play a key role
in many engineering systems, such as electrochemical
capacitors (ECs) and AC electro-osmotic (AC-EO) pumps
(Conway 1999; Ajdari 2000). The equilibrium EDL
structure and the charging kinetics are typically modeled
using the Poisson–Boltzmann (PB) equation and the Poisson–Nernst–Planck (PNP) equations (Conway 1999),
respectively. It is established that the EDLs near electrodes
with low voltages (V\kB T=e  26 mV at room temperature) and in dilute electrolytes can be described by these
classical theories (Bazant et al. 2004). However, the EDLs
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near electrodes with large voltages (V  kBT/e) and in
concentrated electrolytes are much less understood, e.g.,
the ion concentration predicted by these models sometimes
exceeds the steric limit (Kilic et al. 2007; Storey et al.
2008), and it is not clear whether the PNP model can
accurately predict the charging kinetics. Whether the steric
limit of ion packing is reached at large electrode voltages is
important because such a phenomenon can help explain a
long-standing puzzle in AC-EO pumping, namely the
reversal of flow direction at high AC frequency and voltage
(Storey et al. 2008; Studer et al. 2004). Since the PNP
model is widely used to predict the charging kinetics in
ECs and AC-EO pumps, it is also of great interest to
delineate its accuracy. Atomistic simulations complement
theoretical and experimental studies (Macdonald 1954;
Macdonald and Barlow Jr 1967) because they can provide
a detailed picture of the EDLs that is difficult to measure in
experiments and also avoid some simplifications in theoretical models, e.g., the omission of the discreteness of
solvent in describing EDLs. Prior atomistic simulations
have provided insights on the EDL structure near the
electrodes (Spohr 1999; Crozier et al. 2000), but important
effects such as image forces were accounted for only in a
few recent studies (Alawneh and Henderson 2007; Bhuiyan
et al. 2007), and direct simulation of EDL charging has not
been reported. In this study, we investigate EDLs at
interfaces of a concentrated NaCl solution and planar
electrodes under large voltages using molecular dynamics
(MD) simulations and with the PNP model.
The MD simulations feature a pair of electrodes
enclosing a slab of NaCl solution. Figure 1 shows a schematic of the MD system. The system is composed of 693
water molecules and 23 pairs of ions, and periodic
boundary conditions are used in directions parallel to the
electrodes. Simulation systems with similar sizes have been
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Fig. 1 A schematic of the MD simulation system. The empty circles
denote the electrode atoms and the filled circiles denote water
molecules

shown to be capable of predicting the ion mobility and
hydration well (Lee and Rasaiah 1996). The ion concentration and pressure, measured at the center of the electrolyte slab under zero electrode potential, were equal to
2.0 M and 1.0 bar, respectively. Each electrode was modeled as a single layer of carbon atoms. Force fields for
water and ions are taken from Smith and Dang (1994), and
these force fields have been shown to reproduce the
hydration and mobility of ions well (Lee and Rasaiah
1996). Constant electric potentials are enforced on each
electrode using the method in Raghunathan and Aluru
(2007). The image plane of each electrode was taken to be
0.08 nm from its geometric plane (Lang and Kohn 1971).
The coordinate system was chosen such that the image
plane of the lower electrode lies at z = 0. It is known that
the distance between the effective image plane and the
metal atom skeleton changes as the electrode charge density varies (Schmickler and Henderson 1986; Kornyshev
1989). Here, a fixed image plane is adopted to achieve a
balance between simulation accuracy and computational
cost. Specifically, using a fixed image plane already
enables us to account for image forces neglected in most
atomistic simulations with moderate computational cost. A
more rigorous modeling that take into account the quantum
nature of electrons in the electrode will require significantly more computational cost (the few existing simulations of such type are limited to equilibrium systems of
very small sizes; Halley 1996). Since the charging kinetics
depends most directly on the ion behavior in the electrolyte, the present approach should provide a reasonably
accurate picture of the EDL charging kinetics. MD simulations were performed using a modified Gromacs package
(Lindahl et al. 2001) in the NVT ensemble (T = 300 K).
The slab-particle mesh Ewald (PME) method was used to
compute the long-ranged electrostatic interactions (Yeh
and Berkowitz 1999), and other MD details can be found in
our earlier article (Qiao and Aluru 2003). Each system was
first equilibrated under zero potential difference for 1.0 ns.
At t = 0, a potential difference of 2 V was imposed
between the electrodes, and simulation was run for 400 ps
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to study the charging kinetics. Since the electrodes are
modeled as blocking electrodes, ideally a potential difference of less than 1.0–1.5 V (Bard and Faulkner 2001)
should be used to investigate the EDL charging kinetics.
Our simulations using such small potential difference (e.g.,
0.5 and 1.0 V) produced similar results in charging kinetics, but the large statistical error prevents an accurate
characterization of the charging kinetics. Hence, a potential
difference of 2 V was used. In order to reduce the computational cost, the lateral span of the channel is 2.75 nm
and a small separation between the image planes of the two
electrodes (3.3 nm) was chosen here. As such, a strong
electric field (*O(1V/nm)) is generated inside the MD
simulation system. Inside the EDL, this field is comparable
to that in typical ECs (Conway 1999). Outside the EDL, the
field decays quickly to zero as the EDL becomes charged.
Since the response of electrolyte to these fields is in the
linear regime (e.g., ion mobility remains constant), these
electric fields do not introduce artifacts in the simulation of
the charging kinetics. A total of 112 simulations with
independent initial configurations were performed.
The EDLs in the above MD system were also studied
using classical PNP models (Bazant et al. 2004; Franceschetti and Macdonald 1979) with the help of the COMSOL package (COMSOL 2005). A Stern layer model was
used to complement the PNP model, i.e., the boundary
condition for the electric potential / on the lower (z = 0)
and upper (z = w) electrode surfaces is given by Bazant
et al. (2004)
/jz¼0;w ¼ V  kl;u
s d/=dzjz¼0;w ;

ð1Þ

where V; are the potentials on the negative and positive
electrodes, respectively. kls and kus are the effective thickness of the Stern layers near the lower and upper electrodes, respectively (Bazant et al. 2004). ks is related to the
Stern layer thickness ds by ks ¼ ds b =s ; where b and s
are the dielectric constants in the bulk and in the Stern
layer, respectively. The key parameters of the PNP/Stern
model include ion mobilities, separation between the two
electrodes, and the effective Stern layer thickness kls and kus .
In order to facilitate the comparison of the MD and PNP/
Stern model predictions, the PNP/Stern model must be
parameterized. Here, the ion mobilities (lNaþ ¼ 2:11 
108 m2 =Vs and lCl ¼ 3:37108 m2 =Vs) are taken from
those computed from independent MD simulations. The
dielectric constant of the bulk solution eb is taken as 78.
Other parameters of the PNP/Stern model are discussed as
follows.
We first examine the equilibrium structure of the EDLs
when a potential difference of 2 V is enforced between the
two electrodes. Figure 2a shows the ion concentrations
between the electrodes. Near both electrodes, counterions
can only approach the electrode to a finite distance and the
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Fig. 2 Equilibrium ion
concentrations and electric
potentials between two blocking
electrodes with a potential
difference of 2 Volts. The space
between the electrodes was
divided into 165 bins in the
z-direction to compute the ion
concentration and electrical
potential in MD simulations.
(a) Na? and Cl- ion
concentration profiles obtained
from MD and PNP/Stern
simulations. The dash lines
denote the position of electrode
surface in the PNP/Stern
simulations. (b) Locally
averaged Na? and Clconcentrations defined in the
text. (c) Potential distribution
obtained from MD simulations.
(d) Potential distribution
obtained from PNP/Stern
simulations
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53.6 mV
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ion concentration profile shows local oscillations. The
moderate distance (&0.4 nm) between the first counterion
concentration peaks and the electrodes is caused by the
finite size of the counterions (Qiao and Aluru 2003) and the
fact that ions that approach very close to an electrode must
shed part of their hydration shell (Qiao and Aluru 2005).
Since the distance between the first counterion concentration peak and the electrode is comparable to the hydration
radius of both the Na? and Cl- ions, the ions located in
these peaks are well-hydrated. Since the Debye length
(0.21 nm) is much smaller than the channel width, an
electro-neutral region is observed in the center of the
channel. We define a locally averaged ion concentration
CLA(z, h) as the mean ion concentration in a bin (thickness:
h) parallel to the electrode and centered at position z. The
Steric limit is reached if CLA (z; Dhyd ) at any position z in
the EDL approaches the close packing concentration Cmax
corresponding to the hydrated diameter of ions Dhyd. For
Na? and Cl- ions, whose hydrated diameters are 0.72 and
0.66 nm, respectively (Qiao and Aluru 2003), the corresponding close packing concentrations Cmax are 6.29 and
8.17 M, respectively. Figure 2b shows CLA(z; Dhyd;Naþ ) and
CLA(z; Dhyd;Naþ ), and we observe that both Na? and Cl- ion
concentrations are below the steric limit. In order to test the
extent that ion distribution can be reproduced by the PNP/
Stern model, we parameterize it using MD data. First, the
electrode separation in the model is set to w = 2.58 nm,
which is the distance between the first density peak of the
Na? and the Cl- ion near the negative and positive electrode. Next, we set kls = kus = 7.65 nm, so that the equilibrium electrode charge density rs obtained from the PNP/

0

0.5

Stern model matches with that obtained from MD simulations (± 0.087 C/m2). In the systems studied, the Stern
layer thickness ds can be taken as 0.4 nm based on results
shown in Fig. 2a. Therefore, a ks of 7.65 nm corresponds to
a dielectric constant of 4.1 in the Stern layer, which is
comparable to that reported in the literature (values of 6–20
are often reported; Conway 1999). The equilibrium ion
concentration distributions obtained from the PNP/Stern
model parameterized as above are shown in Fig. 2a along
with the MD results. We observe that the PNP/Stern predictions did not fully capture the fine features of the ion
distribution, e.g., the non-monotonic counter-ion concentration distribution predicted by MD simulations is not
predicted by the PNP/Stern model. This is expected, since
the PNP/Stern model is based on mean-field theory, and
cannot effectively account for the ion hydration effects and
the fluctuation potentials due to ion–ion correlation, which
have been demonstrated to affect the ion distributions
(Outhwaite and Bhuiyan 1982; Henderson and Boda 2009;
Burak and Andelman 2000). However, given the simplicity
of the PNP/Stern model used here, the overall agreement of
the PNP/Stern prediction with the MD results is rather
reasonable. It is important to note that the unphysically
high counterion concentration that can arise in the standard
PNP prediction (without the Stern layer model) for large
electrode voltages is avoided in the present PNP/Stern
model. This is because, when the Stern layer is accounted
for, the electric potential drop across the diffuse EDL is
reduced from 2 V to 53.6 mV (see Fig. 2d). These results
suggest that a well-parameterized PNP/Stern model can
predict the ion distribution in EDL semi-quantitatively.
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However, because the molecular nature of water is not
incorporated with sufficient accuracy into the PNP/Stern
model, such a model cannot be used to study all EDL
phenomena. For example, Fig. 2c shows the electric
potential distribution between the two electrodes. The
significant oscillation of electric potential near the electrode, caused by the discrete nature of ions and water
molecules and predicted in earlier theoretical studies
(Spohr 1999; Macdonald and Liu 1983), differs qualitatively from that obtained from the PNP/Stern model (see
Fig. 2d). In addition, the potential distribution obtained
from MD simulations shows significant asymmetry, e.g.,
the potential at the channel center is 0.25 V instead of the
1.0 V predicted by the PNP/Stern model. In order to
understand this, we note that, in MD simulations, due to the
strong orientation ordering of water near the electrode
(Spohr 1999), there exists a potential drop of about 0.35 V
between the electrode and the bulk electrolyte in the
channel center when the electrode charge density is zero.
Due to this, the potential drop between the positive electrode and the bulk electrolyte will differ from the potential
drop between the negative electrode and the bulk electrolyte as the electrodes become electrified.
We next examine the charging kinetics of the EDLs
when a potential difference of 2 V is suddenly imposed
between the two opposing electrodes. The charging is
by aR charging factor Cf ðtÞ ¼ 1  QðtÞ=Q1 ¼
Rquantified
w=2
w=2
q
ðz;
tÞdz=
qe ðz; 1Þdz; where qe is the ionic
e
0
0
space charge density and w is the electrode separation.
Figure 3 shows the charging factor as a function of time.
We observe that, at t [ 20 ps and Cf \ 10% (i.e., the EDLs
are less than 90% charged), which are conditions most
relevant to engineering practice, both the MD and the
PNP/Stern models predict a linear charging kinetics
0
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Fig. 3 Charging kinetics for the EDLs between two electrodes
computed by using MD simulations and by using the PNP/Stern
model. The voltage difference between the two electrodes is 2 Volts
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(i.e., Cf (t) µe-t/s). The time constant s of the charging
predicted by the PNP/Stern model (72.6 ps) agrees with
that obtained from the MD simulation (71.3 ± 5.2 ps)
within statistical error. At very short time (t \ 20 ps), MD
simulations predict a faster charging of the EDLs compared
to the PNP/Stern model. In order to understand this, we
note that, in the MD simulations, water cannot effectively
screen the electric field emanating from the electrode at a
time scale shorter than O(10 ps) due to the relatively slow
molecular rotational motion, while water is assumed to
respond instantaneously to any electric field in the PNP/
Stern model. As such, at very short time after a potential
difference is imposed between the two opposing electrodes,
the electric field inside the electrolyte solution obtained by
MD simulation is considerably stronger compared to that
predicted by the PNP/Stern model, which subsequently
leads to faster charging kinetics in the MD simulations. It is
possible that the short time behavior of the charging
kinetics might be captured more accurately if the frequency
dependence of the dielectric behavior of water is accounted
for in the PNP/Stern model, but this is beyond the scope of
the present study.
A limitation of the present MD simulations is that the
electronic degree of freedom of the electrode, which
strongly affects the capacitance of the Stern (or Helmholtz)
layer near metal surfaces (Conway 1999), was not
accounted for. As such, the computed dependence of EDL
structure on applied voltage should be regarded as semiquantitative. However, since the liquid side of EDL is
modeled in full detail, useful insights on dependence of
EDL structure on the electrode charge density can still be
obtained. Since the electrode charge density in the above
simulations is below the maximum electrode charge density in typical aqueous electrolyte-based ECs, which falls in
the range between -0.2 and 0.3 C/m2 according to Conway (1999), we imposed charge densities of -0.26 and
0.26 C/m2 on the negative and positive electrodes, which
are close to the maximum charge densities in actual ECs, to
explore the EDL structure (in particular, the ion packing)
near electrodes. Figure 4 shows the equilibrium ion concentration profiles between the electrodes. It is observed
that a layer of Na? ions adsorbs on the negative electrode
and a second layer of Na? ion accumulates adjacent to the
first Na? ion layer. As shown in our earlier studies, the
second Na? ion layer originates from the ion hydration
effect (Qiao and Aluru 2003; Qiao and Aluru 2005).
Visualization of the MD system indicates that the Na? ions
in the first layer approach closer to the electrode than the
first interfacial water layer, which is not the case in Fig 2a.
Since these ions are partly dehydrated, we cannot determine whether the steric limit is reached by computing the
locally averaged ion concentration, whose definition
involves the diameter of hydrated ions. However, the sharp
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Fig. 4 Equilibrium ion concentration between two electrodes with
charge densities of -0.26C/m2 and 0.26C/m2, respectively. The bin
size used for computing the ion concentration is 0.02 nm

peak of the ion concentration profiles near both electrodes
suggests that a compact layer forms near each electrode,
and we can determine whether the steric limit is reached in
this layer. Near the negative electrode, the compact layer
occupies the space between the electrode and the first
valley of the Na? ion concentration peak (z = 0.23 nm).
Using the data in Fig. 4 and assuming that ions are hexagonally packed in this layer, the closest separation
between these ions is found to be 0.92 nm. As this distance
is larger than but comparable to the diameter of hydrated
Na? ions (0.72 nm), we conclude packing of Na? ions are
close to, but still below, the steric limit. Similarly, the
closest separation between Cl- ions in the compact layer
near the positive electrode (taken as space between the
electrode and the first Cl- concentration valley) is 1.0 nm.
Since this separation is larger than the diameter of hydrated
Cl- ions (0.66 nm), the packing of Cl- ions is below the
steric limit.
In summary, the above studies suggest that, despite the
fact that the PNP/Stern model cannot capture the fine
details of EDL structure and electric potential near electrodes (see Figs. 2c–d), a well-parameterized PNP/Stern
model can still be used to predict the overall charging
kinetics of EDLs under conditions relevant to typical
engineering applications. The results in Fig. 4 suggest that
the Na? ion packing near negative electrode is close to, but
still below, the steric limit defined by the hydrated diameter
of Na? ion at an electrode charge density of - 0.26 C/m2
and the Cl- ion packing near positive electrode is below
the steric limit at an electrode charge density of 0.26 C/m2.
Since the working voltage of ECs based on aqueous electrolytes is &1.0 V and the electrode charge density typically falls in the range of -0.2 C/m2 to 0.3 C/m2 in ECs

(Conway 1999), we conclude that the packing of counterions near planar or mesoporous electrodes of such ECs
does not reach the steric limit. Similarly, counterion
packing are unlikely to reach the steric limit in AC-EO
pumps working at voltages below 1.0 V. Hence, the
decrease of differential capacitance of planar EDLs with
increasing electrode potential in such a potential window is
likely due to mechanisms other than steric packing of
counterions (Schmickler and Henderson 1986). The steric
limit of counterion packing in the EDL may be reached at
even higher voltages and leads to a decrease of EDL
capacitance as the electrode potential increases (Storey
et al. 2008). However, under those conditions, significant
Faradic reaction may occur and thus renders the physical
picture much more complicated than that explored here.
Simulation methods for studying the EDL charging under
such conditions are currently under development.
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