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Abstract
The mean-field theoretical model of the electric double layer which takes into account the asymmetric finite size of an-
ions and cations and the orientational ordering of water dipoles in the Stern and the diffuse layers is described together 
with a short description of the main concepts and a brief review of the literature in the theory of the electric double layer. 
As an example of the application of the described mean-field lattice model of the electric double layer, the influence of 
different sizes of anions and cations, the influence of the thickness of the Stern layer and the influence of the orientational 
ordering of water molecules on the asymmetric, bimodal camel-like dependence of differential capacitance on the sur-
face potential is theoretically considered.
The presented theoretical model of the electric double layer is flexible enough to be in the future extended to more com-
plicated multicomponent systems with molecules of different sizes and the orientational ordering of molecules.

Keywords: Asymmetric size of ions; relative permittivity; water ordering; Stern layer; differential capacitance

1. Introduction
Strong interactions between the charged surface and 

ions in electrolyte solution result in the formation of the 
electric double layer (EDL) in the close vicinity of the 
charged surface.1 In EDL, the ions with the electric charge 
of the opposite sign than the charged surface (counteri-
ons) are accumulated, while the ions with a charge of the 
same sign as the surface (coions) are depleted from the 
space close to the charged surface (Fig. 1). Due to a high 
magnitude of electric field strength in EDL, the water di-
poles near the charged surface are strongly oriented2,3 (Fig. 
1). Due to a non-homogeneous distribution of ions and 
water molecules and the orientation of water molecules in 
EDL, the electric field strength is screened at larger dis-
tances from the charged surface.1

EDL has been theoretically first described by Helm-
holtz4 who neglected the effects of entropy and proposed 
that a single layer of counterions is formed at the charged 
surface. Later, Gouy and Chapman described the spatial 
distribution of point-like coions and counterions by Boltz-
mann distributions5,6 corresponding to the minimum of 
the system free energy.7 The finite size of coions and coun-
terions has been first described by Stern8 by introducing 
the distance of the closest approach (Fig. 1) and has later 
been developed further by Bikerman, Eigen, Wicke, 
Freise9–12 and many other authors.13–24,25–28

The orientational ordering of the water dipoles in the 
electric field near the charged surface (Fig. 1) has been 
shown to strongly influence the electric field in the Stern 
and the diffuse layers, among others reflected also in a 
strong local decrease in relative permittivity.30–43 The de-
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crease in the relative permittivity near the charged surface 
is influenced also by the excluded volume effect due to the 
competition between counterions and water molecules.2,35

Based on the ideas of some previous studies,9,12,44,45 
the mean-field model of EDL which takes into account the 
asymmetry of the anion and cation finite sizes and the ori-
entational ordering of water molecules was introduced re-
cently.46 This model, named here as the modified Gon-
gadze-Iglič (GI) model,2,46,47 is shortly described in the 
following section.

2. Modified GI Model
The water molecules in the modified GI lattice mod-

el2,46 were described within the modified Kirkwood ap-
proach45 as point-like dipoles at the centers of finite sized 
spheres with permittivity equal to the square of the optical 
refractive index of water n.34

Within the modified GI model, the expressions for 
the spatial dependencies of the number densities of mon-
ovalent cations (n+(x)), anions (n–(x)) and water (nw(x)) in 
the electrolyte solution can be derived by using the meth-
od of lattice statistics with Boltzmann correction fac-
tors.2,46 The method of lattice statistics with Boltzmann 
correction factors has been shown to be equivalent to the 
method of minimization of the free energy of the sys-
tem.40,48 The number of densities (n+(x), (n–(x) and (nw(x) 
are thus proportional to the probabilities that a single lat-

tice site in the bulk solution is occupied by one of the three 
particles (i.e., cations, anions or water molecules):2,46

       (1)

       (2)

       (3)

       (4)

where it is assumed that all lattice sites are occupied, i.e. ns 
= α+n+(x) + α–n–(x) + nw(x).

Here, the parameters α+ and α– are the number of 
lattice sites occupied by a single positive and negative hy-
drated ion, respectively46 (Fig. 2). A single water molecule 
occupies just one lattice site, therefore the reduced number 
density of lattice sites ns/NA = 55 mol/l is equal to the con-
centration of pure water. The symbol n0w stands for the 
bulk number density of water molecules, n0 is the bulk 
number density of anions and cations, β = 1/kT, kT is ther-
mal energy, e0 is unit charge, ϕ is electric potential, p0 is 
magnitude of the external water dipole moment,46,48 E is 
magnitude of electric field strength, x is distance from the 

Figure 1. A schematic figure of electrolyte solution near a negative-
ly charged planar surface (σ < 0), consisting of the Stern layer (0 ≤ x 
≤ b) and the diffuse layer (b ≤ x ≤ ∞), where b denotes the thickness 
of the Stern layer, approximately equal to the distance of the closest 
approach of hydrated counterions. Sodium cations are weakly hy-
drated and have a tendency to disrupt the aqueous bulk structure 
without strongly ordering the water molecules.29 Chemisorbed or 
adsorbed ions are taken into account in the value of the surface 
charge density σ.

Figure 2. Lattice model of electrolyte solution.46 The single positive 
ion and the single negative ion, each of them together with the sur-
rounding water molecules, occupy α+ and α– lattice sites, respective-
ly. In the schematic figure α+ = 3 and α– = 6, while a single water 
molecule occupies just one lattice site. In the model, it is assumed 
that the water molecules and the ions in the hydration layer which 
contribute to α+ and α– give rise to electronic polarization only, de-
scribed by the term n2 in Eq. (6). It is therefore assumed that the 
water dipoles which composed the hydration layer around positive 
or negative ions do not contribute to the orientational ordering/po-
larization in the electrolyte solution.
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negatively charged planar surface (Fig. 1), γ is given by34,46: 
y = (2 + n2)/2 and n is optical refractive index of water. In 
bulk, ns = α+ n0 + α– n0 + n0w.

In the model, a single ion together with water mole-
cules in its first hydration layer do not contribute to orien-
tational polarization in the solution because the orien- 
tations of the water dipoles around the ions are predomi-
nantly determined by the ion.2 This assumption is in ac-
cordance with the model of Giese et al.,49 where the au-
thors proposed that each ion together with the strongly 
interacting surrounding water molecules does not contrib-
ute to the orientational polarization in the electrolyte solu-
tion and is considered to be a sphere consisting of a homo-
geneous dielectric medium with permittivity equal to 2. In 
our model,46 it is assumed that the relative permittivity of 
water due to electronic polarizability is equal to the square 
of refractive index (n2 ≅ 1.8, where n = 1,33) (see Eqs. (7) 
and (8)), which is the value very close to 2.

The Poisson’s equation for the region x ≥ b (see Fig. 
1) can be written as:30,46

       (5)

where εr (x) is the spatial dependence of the relative per-
mittivity:

       (6)

and ε0 is the permittivity of free space. The function F(u) 
is defined as F(u) = (u)(sinh u/u), where (u) is the Lan-
gevin function. Eq. (6) predicts the linear decreasing of the 
relative permittivity in the bulk solution with an increas-
ing salt concentration and gives the value of εr,b ≅ 78.5 for 
zero bulk salt concentration.46,2

The described modified GI model includes the 
Helmholtz/Stern layer filled with water dipoles30,50,51 (see 
Fig. 1). The thickness of the Helmholtz/Stern layer is de-
fined by the distance of closest approach (Fig. 1), which is 
not the same for cations and anions (see for example50–54 ). 
In the Stern layer (Fig. 1), there are no free ions close to the 
charged surface, i.e., n+(x) = n–(x) = 0. Therefore, in the 
Stern layer, the general expression for the relative permit-
tivity εr (x) (Eq. (6)) transforms into:50,51

       (7)

Note that the ions which are adsorbed and/or 
chemisorbed to the charged surface are taken into account 
in the model by the appropriately modified value of the 
surface charge density at x = 0 (Fig. 1). Combining the 
boundary condition dϕ/dx(x = 0) = –σ/ε0εs (see Fig. 1) and 
Eq. (7) results in the non-linear equation for the magni-
tude of electric field, E, in the Stern layer:30,50,51

        
(8)

Inserting the calculated value of E in Eq. (7) gives the 
value of the relative permittivity in the Stern layer (εs) for a 
given surface charge density σ. In this way, it was shown 
that relative permittivity in the Stern layer (εs) strongly de-
creases with the increasing magnitude of σ due to the satu-
ration of the orientational ordering of water dipoles in a 
strong electric field at large values of σ2,34,50 (see also Fig. 4).

In the next section of the present paper, we examine 
the influence of asymmetric size of ions, the thickness of 
the Stern layer and the orientation of water dipoles in the 
Stern and the diffuse layers on the differential capacitance 
of the electric double layer calculated within the modified 
GI model.

3. Results and Discussion
Fig. 3 shows the calculated dependence of electric 

potential in the Stern and the diffuse double layers at the 
distance from the charged plane (Fig. 1). It can be that 
within the Stern layer, depleted of charged particles, the 
electric potential depends linearly on the distance from 
the charged surface at x = 0 (see also Fig. 1). Accordingly, 
the electric field strength in this region with zero volume 
charge distribution is constant and can be determined 
from Eq. (8). As a consequence, the relative permittivity is 
also constant in the Stern layer in the whole layer. Howev-
er, as shown in Fig. 4, relative permittivity in the Stern lay-
er (εs) (Fig. 4B) and electric field strength (Fig. 4A) strong-
ly depend on the surface charge density σ. Therefore, the 

Figure 3. Electric potential as a function of the distance from the 
charged surface for different values of surface charge density σ, cal-
culated within the modified GI model for and α+ = 5 and α–= 2 (for 
definition of α+ and α– see Fig. 2), the thickness of the Stern layer b 
= 0.3 nm (see Fig. 1 for definition) and the bulk concentration of 
ions n0/NA = 0,15 mol/l. The values of other model parameters are: 
n = 1.33, p0 = 3.1 D46 , ns /NA = 55 mol/l2,30 and T = 298 K.
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assumption of constant relative permittivity in the Stern 
layer, as assumed in many theoretical models of the elec-
tric double layer (see for example55 and references there-
in), is not realistic.

The strong dependence of relative permittivity in the 
Stern layer (Fig. 4B) is a consequence of the orientational 
ordering of water dipoles in this layer (Fig. 4C), which can 
certainly not be neglected as suggested in some oversim-
plified macroscopic phenomenological theoretical mod-
els55, based on the 19th century Maxwell’s mixture formu-
la.56

The predicted decrease in relative permittivity in the 
Stern and the diffuse layers is clearly to a large extent a 
consequence of the orientational ordering of water dipoles 
close to the saturation regime (Fig. 4C) as proved theoret-
ically in31,34,37,40,46,57,58 and on the other hand totally ne-
glected in phenomenological approaches.55 Neglecting the 
statistical mechanics approach and the orientational or-
dering of water molecules in electrolyte solution close to 
the charged surface cannot contribute to a better under-
standing of the physics of the electric double layer.

It was further proposed recently by Lopez-Garcia et 
al.55 that close to the charged surface nearly all water mol-
ecules belong to water shells around the ions, while free 
water molecules practically do not exist in this region. The 
results of Monte Carlo (MC) simulations59 strongly op-
pose this assumption55 and clearly show the increased or-
dering of water dipoles in the direction towards the 
charged surface (including Stern region)59 as predicted 
also within the GI model (see Fig. 4C). MS simulations 
predict strong orientational ordering in the vicinity of the 
charged surface even for high salt concentrations, also in 
agreement with our theoretical predictions (Fig. 4C). 
Strikingly, MC simulations show practically no difference 
in the average orientation and space distribution of water 
dipoles close to the charged surface in the case without 
NaCl and with NaCl (at concentration 0.5 mol/l NaCl) in 
water solution.59 In general, for low enough magnitudes of 
the surface charge density, where the mean-field approach 
is valid, the profile of the average orientation of water di-
poles in the Stern and the diffuse layers is only weakly in-
fluenced by salt concentration.59

It is argued in55 that in the modified GI model,46 de-
scribed also in this paper, the space occupied by the ions 
behaves just as a vacuum. This is certainly not true since 
the modified GI model46 assumes that the permittivity of 
hydrated ions is equal to the square of the refractive index 
of water (see also2,3,28,45,46,48). This means that in the mod-
ified GI model, the electronic polarizability of hydrated 
ions is equal to the electronic polarizability of wa-
ter.30,34,46,48 In addition, the authors of55 also completely 
overlooked that the modified GI model46 is not based on 
the limiting Onsager model, but instead on the generalized 
Kirkwood-Onsager-Fröhlich’s theory2,3,45 which is valid 
also in the saturation regime of the water dipole orienta-
tion and polarization.

Figure 4. The magnitude of the electric field strength E (panel A), 
relative permittivity (panel B) and the average orientation of water 
dipoles (panel C) in the Stern layer calculated as a function of the 
surface charge density σ. The average orientation of water molecules 
is described by the average cos(ω) (panel C), where ω is the angle 
between the gradient of the electric potential and the vector of the 
water dipole moment.35,48 The two asterisks denote the values of the 
average cos(ω) determined by Monte-Carlo simulations.59 The val-
ues of the model parameters are: p0 = 3.1 D, α+ = 5 and α– = 2, b = 0, 
the bulk concentration of ions, n0/NA = 0.5 mol/l, n =1.33, ns/NA = 
55 mol/l and T = 298 K.
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Fig. 5 shows differential capacitance Cdiff  = dσ/dϕ0 as 
a function of surface potential ϕ0 = ϕ(x = 0) calculated 
within the modified GI model for different values of pa-
rameters α+ and α–, different values of the thickness of the 
Stern layer (b) and two values of the magnitude of the ex-
ternal water dipole moment (p0). It can be seen in Fig. 5 
that the consideration of non-zero p0 and the orientation 
ordering of water dipoles in the electric double layer de-
creases the calculated differential capacitance of EDL.

In general, the differential capacitance first increases 
with increasing absolute value the surface potential ϕ0 and 
after first reaching its maximum, it starts to strongly de-
crease, attaining the so-called bimodal camel-like depen-
dence of differential capacitance on ϕ0, similarly as ob-
served in experiments,60,61 in Monte-Carlo62 and also in 
molecular dynamic simulations.63

Neglecting the finite size of ions (the Gouy-Chap-
man approach) would lead to monotonously increasing 
the differential capacitance with the increasing absolute 

value of ϕ0.64 As shown in Fig. 5, asymmetry in the finite 
size of positive and negative ions (i.e. α+ ≠ α–) leads to 
asymmetric bimodal camel-like dependence of differential 
capacitance on the surface potential as observed also in ex-
periments.60,61,65

It can be further seen in Fig. 5 that the increased 
thickness of the Stern layer (b) (see Fig. 1) decreases the 
differential capacitance. The increased thickness of the 
Stern layer (b) also moves the surface potential to higher 
absolute values.30,50 Considering different values of the 
thickness of the Stern layer for positive and negative ϕ0, 
i.e. different distance of closest approach for hydrated 
negative and positive counterions,51 would additionally 
change the relative height of both maxima of the differen-
tial capacitance asymmetric camel-like curve.51 Namely, 
in the case of negatively charged surface, the distance of 
closest approach b is defined by positively charged coun-
terions, while in the case of positively charged surface, the 
parameter b describes the distance of closest approach for 

Figure 5. Calculated differential capacitance as a function of the surface potential ϕ0 for different combinations of the values of parameters α+ and 
α– and different values of the thickness of the Stern layer b calculated for p0 = 3.1 D (left panels) and p0 = 0 (right panels) within the modified GI 
model. The values of the other model parameters are: bulk concentration of ions n0/NA = 0.15 mol/l. n =1.33, n0/NA = 55 mol/land T = 298 K.
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negatively charged counterions.51 It was thus shown51 that 
the differential capacitance curve becomes asymmetric 
also when only different values of the thickness of the 
Stern layer (b) are used for negative and positive surface 
potential ϕ0 and the potential (charge) dependent relative 
permittivity in the Stern layer is taken into account,2,28,34 
while the finite asymmetric size of ions in the diffuse layer 
is neglected.

To conclude, different values of the thickness of the 
Stern layer (b) for negative and positive surface potential 
ϕ0 mean that the distance of closest approach is not the 
same for negatively and positively charged counterions. In 
Fig. 5, we should therefore take into account that the thick-
ness of the Stern layer (b) is not the same for negative and 
positive values of the surface potential ϕ0, i.e. in Fig. 5, the 
value of b for positive ϕ0 is not the same as the value of b 
for negative ϕ0.

4. Conclusions
In this paper we describe the modified GI mod-

el2,46,47,66 of the electric double layer, which takes into ac-
count within the mean-field theoretical approach the finite 
and asymmetric size of anions and cations and the orienta-
tional ordering of water dipoles in the Stern and the diffuse 
layers. The modified GI model46 can be derived either by 
the minimization of the free energy of the system7,40,48,66 or 
by applying the method of lattice statistics with Boltzmann 
correction factors46,66,67 which has been shown to be 
equivalent to the method of the minimization of the free 
energy of the system.48,66,67 The model predicts a decrease 
in the relative permittivity in electrolyte solution near the 
charged surface, including a decrease in the relative per-
mittivity in the Stern layer (Fig. 4B). The decrease in the 
relative permittivity is a consequence of saturation in an 
average orientational ordering of water dipoles (Fig. 4C) at 
high electric field strengths (Fig. 4A). In accordance with 
experimental observation, an asymmetric bimodal cam-
el-like dependence of differential capacitance on the sur-
face potential was predicted, where the relative height of 
both maxima of the curve depends on the asymmetric size 
of the anions and cations, the orientational ordering of wa-
ter dipoles in the Stern and the diffuse layers and the val-
ues of the thickness of the Stern layer (b) for negative and 
positive surface potential ϕ0.

To conclude, it was recently pointed out by Zhang 
and Huang47 that the modified GI model46 captures all the 
major phenomena of the asymmetric ion-size effect and is 
also flexible enough to be extended in the future to more 
complicated multicomponent systems as it is just a simple 
binary electrolyte water solution. In comparison to the 
most of the other mean-field EDL models, the GI mod-
el46,2,30 contains also the statistical mechanical description 
of the water dipole orientational ordering in EDL, a phe-
nomenon which is not included in the other theoretical 

mean-field models of asymmetric ion-size effect in EDL47, 
but is essential to realistically describe the physical proper-
ties of EDL, as indicated also in this paper.
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Povzetek
V članku opišemo model električne dvojne plasti, ki v okviru približka povprečnega polja upošteva asimetrično končno 
velikost anionov in kationov ter orientacijsko urejanje vodnih molekul v Sternovi in difuzni plasti elektrolitske raztopine 
v stiku z ravno naelektreno površino. Pri tem podamo tudi kratek opis nekaterih osnovnih konceptov ter pregled liter-
ature na področju teorije električne dvojne plasti. Kot primer uporabe opisanega teoretičnega modela električne dvojne 
plasti prikažemo vpliv velikosti anionov in kationov, debeline Sternove plasti ter orientacijskega urejanja vodnih molekul 
na asimetrično bimodalno diferencialno kapacitivnost električne dvojne plasti.
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