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Abstract
The Brownian dynamics method is employed to study the formation of an electrical double layer (EDL) on the metal
nanoparticle (NP) surface in hydrosols during adsorption of electrolyte ions from the interparticle medium. Also studied is
the charge accumulation by NPs in the Stern layer. To simulate the process of the formation of EDL, we took into account
the effect of image forces and specific adsorption, dissipative and random forces, and the degree of hydration of adsorbed
ions on the EDL structure. The employed model makes it possible to determine the charge of NPs and the structure of EDL.
For the first time, the charge of both the diffuse part of EDL and the dense Stern layer has been determined. A decrease in
the electrolyte concentration (below c < 0.1 mol/l) has been found to result in dramatic changes in the formation of the
Stern layer.
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Introduction

The formation of an electric double layer near the surface
of colloidal particles is one of the fundamental processes
causing a number of non-trivial properties of colloidal
systems and their stability.

Synthesis of functional materials containing metallic
nanoparticles by reducing metals from their salt solutions
in electrolyte media is accompanied by the formation of
EDL around the particles and provides aggregative stability
of colloidal solutions when attractive van der Waals forces
that cause aggregation are counterbalanced by repulsive
electrostatic forces produced by overlapping of EDLs [1] of
the contacting particles.
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Classical theories of EDL formation around NP from
electrolytes [2] and the degree of their adequacy are
directly related to the accuracy of description of interparticle
interactions in colloids. The accuracy of such models
determines their predictive capabilities to describe the
coagulation kinetics of electrostatically stabilized colloids
under specific conditions. Considering the importance of
fabricating fundamentally new types of nanoscale elements
of nanophotonics with desired properties or nanosensors
composed of colloidal NPs, the development of models of
pair interparticle interactions is of special attention [3–5].

Understanding the EDL formation mechanisms is of
fundamental importance in various areas of science and
industrial applications, for example, in ink production and
water purification. It also plays a crucial role in widely used
technologies such as the metal corrosion control, energy
storage, and in a broad range of engineering applications.

Another use of EDL formation on the surface of an
electrode is in electric field driven separation processes. In
nanochannels and porous media, the formation of EDLs
effectively traps ions on the surface. The formation and
structure of EDLs in a biological system can determine the
behavior of the cell membrane processes [6].

Basically, the description of EDL is based on the
approximation of continuous charge distribution. In this
case, the finite size of ions is partially taken into account by
introducing the Stern layer [2]. The methods of molecular
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dynamics (Brownian dynamics) provide a powerful tool for
studying characteristics of ions and their interaction with
nanoparticles in detail. There are a significant number of
papers devoted to the study of EDL of nanoparticles [7–12]
on the basis of this method. In particular, the effect of charge
discreteness [8, 10] and interaction of ions with their images
[12–14] on the EDL structure is studied. It should be noted
that mostly dielectric particles are considered in the above
papers.

To the best of our knowledge, there is no sufficiently
comprehensive model of a metal nanoparticle EDL that
would allow to determine its charge, distribution of the
potential, and concentration of ions in the vicinity of the
nanoparticle taking into account the principal features of
electrolyte ions and their interaction with the nanoparticle
surface such as the degree of hydration, the size of ions
and their mobility, viscosity of the interparticle medium,
and existence of specific adsorption as well as the effect of
image forces.

The goal of our work is to study the structure of a
metallic (silver as an example) nanoparticle EDL depending
on the particle size and electrolyte concentration (for NaOH
aqueous solution) taking into account all the above factors.
The objects of analysis are both nanoparticles themselves
and the hydrated ions of the electrolyte medium.

Model

The Brownian dynamics method is employed in this paper
as the main tool to study the structure of EDL for various
electrolyte concentrations (NaOH) and nanoparticle sizes.

Characterization of hydrated ions

Potential determining ions (PDI) and counterions (CI)
interact with each other and with the medium (water) and
the nanoparticle during the formation of EDL. Within the
framework of the simplified model, they are considered as
balls with diameters d1 and d2 (see Fig. 1). In particular,
for OH− and Na+ ions, according to the papers [14–16];
with regard to their hydration shells, we chose the values
d1 = 0.6 nm and d2 = 0.72 nm. These ions with the charge
q1 or q2 (q1 = −e for PDI and Q1 = +e for CI, e is
an elementary charge) interact electrostatically in a medium
with permittivity ε = 78, and collisions between them are
absolutely elastic. The existence of hydrate shells limits
convergence of OH− and Na+ ions to distances that do not
allow them to form a stable bond. Indeed, given d1 and d2,
we obtain the binding energy e2/(4πε0ε(d1/2 + d2/2)) =
4.47 · 10−21J ≈ kBT at T = 300 K.

Fig. 1 The scheme of the charge and charge images distribution on the
surface of a nanoparticle. Images of ions are shown by dotted lines

Brownianmotion of ions

Motion of ions in the medium is considered as the motion of
Brownian particles. That is, they are affected by the friction
force Ffr determined by the Stokes formula and the random
δ—correlated force Fr having a Gaussian distribution for its
projections on the coordinate axes [17]:

p(Fr i) = 2π < F 2
ri > exp

(
− F 2

ri

2 < F 2
ri >

)
, i = x,y,z

(1)

where the root mean square value < F 2
ri > is related to the

friction coefficient β = 6πνr by the condition for thermal
equilibrium:

< F 2
ri >= βkBT /�t, (2)

where kB is the Boltzmann constant, T is the temperature,
and �t is the time step in numerical calculations.

A detailed study of the temperature dependence is
beyond the scope of our paper. However, we should note
that despite the temperature dependence of the water
viscosity and the random force (2) in the temperature range
T = 273 − 373 K, the characteristics of hydrated ions
change negligibly. Temperature variation will affect only
the kinetics of the formation of an electric double layer but
it will not affect its structure. The particle charge does not
depend on the temperature in this range since the interaction
energy of PDI with the particle significantly exceeds kBT .

To take into account the motion of ions correctly, the
Stokes radius of an ion was also introduced. It was found
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from the equality of the friction force and the Coulomb force
acting on the ion when moving at a constant speed:

6πηrsV = qE, V = uE, rs = q

6πηu
. (3)

Here, u is the ion mobility. In particular, for OH− (PDI)
ions in water, we obtain (at T = 300 K) rs = 0.047 nm,
and for Na+ (CI) ions, rs = 0.9 nm, respectively. It is easy
to notice a significant difference between the Stokes radii
and the hydrated ion radii given above. In particular, for
the OH− ion, this is due to the relay mechanism of charge
transfer [18, 19]. This process is considered as charge
transfer from the ion to a neighboring water molecule in
the absence of ion motion. Thus, the rate of charge transfer
increases several times in comparison with the motion of the
hydrated ion as a whole.

Ion–nanoparticle interaction

Interaction of ions with a nanoparticle was considered
taking into account interaction of each ion with its induced
image (Fig. 1). In this case, the Coulomb interaction of
ions (before their binding) consists of their interaction with
the central charge of the nanoparticle Q0 and the image
charges of all free ions. The force acting on kth ion from the
nanoparticle, including images of free ions, can be given by
the equation:

Fnp k = Q0qkrk

4πε0ε|rk|3
+ 1

4πε0ε

∑
J

qkq
′
j (rk − r′

j )∣∣rk − r′
j

∣∣3 .

Q = Q0 +
∑
j

q ′
j , q ′

j = − r∣∣rj

∣∣qj

r′
j = r2∣∣rj

∣∣2 rj ,
∣∣r′

j

∣∣ < r <
∣∣rj

∣∣ (4)

Here, Q is the total charge of the nanoparticle equal to
the sum of charges of the ions bound with its surface, Q0

is the charge in the center of the nanoparticle due to the ion
image charges, qj is the charge of the image of the j th ion,
and r′

j is its radius vector.
In addition, an important factor in the interaction of ions

with a nanoparticle is the energy of their adsorption to
the nanoparticle surface and the characteristic localization
distance. As is shown in [20, 21], the average binding energy
of an ion− with the surface of a Ag nanoparticle is WOH ≈
80 kJ/mol or in terms of one ion WOH ≈ 0.83 eV and due
to partial dehydration of the ion it is localized at a distance
of δ1 ≈ 0.2 nm from the surface of the nanoparticle. At
the same time, binding of Na+ ions with the nanoparticle is
of Coulombic nature and occurs mainly due to interaction
with the ion image and OH−ions bound with the surface.
In [14], it is shown that attraction of the image charges of

ions is responsible for static and dynamic time-dependent
properties of solid polymer electrolytes.

Equations of ionmotion andmethods
of their solution

Thus, we have a set of equations of motion for ions, each
having the following form:

drk

dt
= Vk,

mk

dVk

dt
= Fion, k + Fr k + Ff r, k + Fnp, k,

Fion k = 1

4πε0ε

∑
J �=k

qkqj (rk − rj )∣∣rk − rj

∣∣3 , (5)

Here, mk is the mass of the kth hydrated ion, Fion k is
the Coulomb force acting on the kth ion from all other
ions. The motion was simulated in a spherical cell with
a nanoparticle placed in its center. The radius of the cell
R0 was chosen for the reasons that the distance from its
boundary to the surface of the nanoparticle significantly
exceeds the screening radius (the Debye-Hückel radius) λ:

R0 − r0

λ
>> 1. (6)

Collisions of ions with the domain walls were considered
to be perfectly elastic. Since the right-hand side of Eq. 7 is
not continuous (due to the presence of a random force), the
one-step Runge-Kutta method of the 4th order was used to
solve them numerically. The time step (�t) discretization of
the problem is determined by the characteristic correlation
time (τcor ) of the ion motion:

τcor ∼ min

(
m1

β1
,
m2

β2

)
= min

(m1u1

e
,
m2u2

e

)
,

�t < < τcor . (7)

In particular, for the combination of Na+ and OH− ions
and at temperature T = 300 K, we have: τcor ∼ 5 · 10−14 s.

Our simulation yields distribution of the potential and the
charge density within EDL. The average local potential was
estimated using the Poisson equation and considering that it
can significantly fluctuate both in time and space:

�ϕ(r) = 1

ε0ε
ρ.

We integrate this equation (applying the condition of
spherical symmetry) and obtain an equation for the average
value of the potential:

ϕ(r) =
R0∫
r

Q
(r ′)
(r ′)2

dr ′, r ≥ r0. (8)

Colloid Polym Sci (2020) 298:1–7 3



Fig. 2 The number of PDI adsorbed on the particle vs the particle radius

Here, Q
(r) is the total charge of nanoparticles and ions,
with the centers located within the sphere of radius r (r0 ≤
r ≤ R0).

Results

As a result of our simulation, we have found the
nanoparticle charge, distribution of potential, and charge
density in a steady-state EDL for various concentrations and
sizes of nanoparticles at electrolyte temperature 300 K . The
binding energy of PDIs with the nanoparticle surface and
their mobility significantly exceed the corresponding values
for CI. Taking this into account, we believe that the charge

of the nanoparticle surface is determined by PDIs rigidly
bound with that surface. We can expect them to stay bound
to the particle surface until the potential of the sphere of
radius r1 (Fig. 1) reaches ϕcr = WOH /e ≈ −0.83 V.

To achieve this condition, even in the absence of an
electrolyte, the number of PDIs must exceed Ncr =
−4πε0εr1ϕcr/e. For example, for a particle of radius r0 =
1 nm, we get Ncr ≈ 54. At the same time, our estimates
show that a sphere of radius r1 = 1.2 nm for the given sizes
of hydrated ions comprises only 45 ions. We can expect that
the maximum number of ions located on the surface of a
given nanoparticle is limited only by the size of the OH−
ions and the nanoparticle surface. Hereinafter, in the case of
large-size particles, we distributed the hydrated ions OH−
randomly (the mean of several realizations was chosen) with
the maximum density on the sphere of radius r1. In this case,
the number of ions N ∼ r21 is shown in Fig. 2. Dependence
of the number of ions on the radius of the nanoparticle is
well described by the equation N = 30r21 , where r1 is given
in nanometer. In this case, the layer of PDI has formed a
dense inner Stern layer (Fig. 3a). The rest of the electric
double layer was formed as a result of the Brownian motion
(described by Eq. 5) of the remaining ions. It was expected
that with the growth of the particle radius the critical value
of the potential would be achieved. Then the mechanism of
formation of the internal part of the EDL should change.
For example, the distribution of PDIs on the surface of a

Fig. 3 Distribution of ions on
the nanoparticle surface of
radius 5 nm. a PDI (blue) and CI
(yellow). b Potential. c PDI
density. d CI density for the
average electrolyte
concentration 1026 m−3
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nanoparticle would be more sparse and CIs might be located
between them.

Figure 3 shows distribution of ions around a nanoparticle
of radius 5 nm for an average electrolyte concentration of
n = 1026 m−3 as well as distribution of the ion potential
and concentrations along the cell radius. The same figure
shows, for comparison, the theoretical dependence ϕ(r), for
the diffuse part (r ≥ r∗) of the EDL calculated from the
following equation [12]:

ϕ(r) = ϕ∗r∗

4πε0εr
exp(− r − r∗

λ
) (9)

Note that the background concentration of electrolyte (at
the edge of the computational domain) can be noticeably
different from the value averaged over the domain and
depends on the particle radius (see Table 1). The Debye-
Hückel radius λ was calculated for the background
concentration.

We consider a model of an ideal electric double layer
including the dense Stern layer and a diffuse part. The inner
Stern layer is composed of PDIs whose centers are located
on the sphere of radius r1 = r0 + δ1 (see Fig. 1); the outer
layer of radius r∗ = r1 + δ (in our case, the thickness of the
Stern layer is δ = 0.64 nm) similarly consists of CIs. Behind
this outer layer there is a diffuse part of EDL satisfying the
Poisson equation.

For convenience, we introduce surface charge densities
for the inner (σ−) and outer (σ+) Stern layers.
Q− = −N · e,

N = 30 · r21 (nm),

σ− = Q−

4πr21

= −3 · 1019e
4π

≈ 0.382 (K · m−2),

σ+ = Q+

4π(r∗)2
. (10)

Here, Q− is the total charge of the inner layer and Q+
is the charge of the outer layer. The difference in electric
potentials between the layers can be defined as follows:

δϕ = ϕ(r∗) − ϕ(r1) = ϕ∗ − ϕ1 = Q−

4π(r∗)2
− Q−

4πr21

. (11)

Table 1 Background ion concentration nf in (mol/l)

m−3n, r0, nm 1025 1026 5 · 1026

1 0.013 0.15 0.764

2 0.01 0.11 0.67

3 0.0052 0.052 0.35

4 0.0042 0.035 0.25

5 0.0053 0.55 0.37

7 0.0038 0.037 0.22

10 0.0061 0.055 0.32

Expressing the charge through the surface density, we
obtain

δϕ = −σ−

ε0ε

( r1

r∗
)

(r∗ − r1) = 0.553 · 109
( r1

r∗
)

δ. (12)

In Fig. 4, the dependence of the potential jump on r1
is shown by a black line (4), while the red line (5) shows
approximation of the calculated values of δϕ, which is well
described by a similar equation:

δϕ′ = −0.553 · 109
( r1

r ′
)

(r ′ − r1),

r∗ − r ′ = 0.045 nm. (13)

The difference in Eqs. 11 and 12 can be explained by
the fact that in reality CIs of the outer Stern layer are
not located exactly at the distance δ from the inner layer,
but partially penetrate into this layer. That is, in a real
situation, the distance (r∗ − r1) between the layers should
be slightly shorter. These equations, in particular, show that
with increasing nanoparticle radius the potential drop in the
Stern layer tends to the finite value:

δϕ∞ = lim
R0→∞(δϕ) = 0.553 · 109δ = 0.332 V,

δϕ′∞ = lim
R0→∞(δϕ′) = 0.553 · 109δ′ = 0.307 V. (14)

Based on the model of an ideal EDL, we find the potential
in the outer part of the Stern layer ϕ∗.

ϕ∗ = Q−

4πε0εr∗ + Q+

4πε0εr∗ +
R0∫

r∗

dq

4πε0εr
,

dq = 4πr2ρdr (15)

Now we can find the relation between the potential ϕ∗
and the corresponding surface charges. To that end, we
estimate the integral on the right side of the equation. Using

Fig. 4 Dependence of the potential jump δϕ in the Stern layer vs
the nanoparticle radius for the specific electrolyte concentrations: 1 –
n = 1025 m−3, 2 – n = 1026 m−3, 3 – n = 5 · 1026m−3. 4 and 5 —
approximations using Eqs. 12 and 13, respectively

Colloid Polym Sci (2020) 298:1–7 5



the Poisson equation for the diffuse part of EDL and the
corresponding equation for the potential Eq. 9, we find ρ(r):

ρ(r) = −ε0ε
ϕ∗r∗

λ2r
exp

(
− r − r∗

λ

)
(16)

Substituting ρ(r) into the integral and expressing the
charges through their surface densities, we obtain

ϕ∗ ≈ λ

ε0εr∗(r∗ + λ)
(r21σ

− + r∗2σ+) (17)

The values of r1 and r∗ increase with growing R0. How-
ever, due to limited σ− and σ+ (

∣∣σ+∣∣ ≤ ∣∣σ−∣∣), the poten-
tial in the inner Stern layer (potential of the nanoparticle)

ϕ1 = ϕ∗ − δϕ ≈ λ

ε0εr∗(r∗ + λ)
(r21σ

− + r∗2σ+) −

−σ−

ε0ε

( r1

r∗
)

(r∗ − r1) (18)

is also limited.
That is, with an increase in the radius of the nanoparticle,

its potential reaches a certain limit value. Moreover, this
value grows with the increase of the Debye-Hückel radius
λ (or the decrease of electrolyte concentration). This can
be clearly seen from the results of numerical calculations
presented in Fig. 5. The corresponding approximation based
on the following equation is also shown in Fig. 5:

1∗– ϕ1 = −0.17 − 0.14(r0 + 0.2)
(
1 − r0+0.2

r0+7.0

)
,

2∗– ϕ1 = −0.045 − 0.5(r0 + 0.2)
(
1 − r0+0.2

r0+1.1

)
,

3∗– ϕ1 = 0.016 − 0.54(r0 + 0.2)
(
1 − r0+0.2

r0+1.0

)
. (19)

Here, r0 is given in nanometers. From these dependences,
we obtain the limits (for r0 → ∞) for the potential values:
1∗ — (-1.12 V), 2∗ — (-0.49 V), 3∗ — (-0.42 V).

Thus, for significant background electrolyte concentra-
tions (nf > 0.1 mol/l, see the table), we can expect the

Fig. 5 Dependence of the potential ϕ1 of a nanoparticle on its radius
for various average electrolyte concentrations: a: 1 – n = 1025 m−3,
2 – n = 1026 m−3, 3 – n = 5 · 1026m−3, 1∗, 2∗, 3∗ are approximations
using Eq. 19

critical potential ϕcr not to be achieved with growing nano-
particle radius. This is possible only at lower concentrations.

Conclusion

For the first time, we have presented a detailed model
of formation of EDL around metallic nanoparticles in an
aqueous electrolyte solution. The model is based on the
Brownian dynamics method and covers the formation of
not only the diffuse (outer) part of EDL but also the dense
Stern layer as well. The studies were carried out for Ag
hydrosols as an example with an electrolytic interparticle
medium based on NaOH.

The model takes into account the size of hydrated ions,
their mobility, and existence of specific adsorption of OH−
ions on the surface of the nanoparticle as well as interaction
of ions with their images.

Based on our model, we have determined the charge of a
nanoparticle depending on its size as well as its potential ϕ1

and the potential jump δϕ in the Stern layer.
It has been shown that the potential ϕ1 and the potential

jump δϕ tend to finite values as the nanoparticle size
increases. Irrespective of the electrolyte concentration
δϕ (r0 → ∞) ∼ 0.3 V, and the potential value ϕ1 (r0 → ∞)

Eq. 18 drops with decreasing electrolyte concentration.
It has been found that at low electrolyte concentrations

(c ≤ 0.1 mol/l), the total binding energy (WOH + q1ϕ1)
of ions with the particle surface becomes less than kBT ,
which should result in a change in the charging mode of the
particle, formation of the stern layer, and its structure.

As for the distribution of the EDL potential in the diffuse
layer, there is a noticeable difference from the results obtained
using the generally accepted Debye-Huckel equation, which
takes into account screening of the nanoparticle field.

We have identified the principal features of EDL by means
of the applied approach. Due to the large charge of a
nanoparticle, the effect of interaction of ions with their
images is negligible. In addition, the predicted in [22]
charge inversion effect associated with reversing the sign of
the total charge of both the nanoparticle and the EDLs [23–
25] for highly charged nanoparticles has not been detected.

The presented model has made it possible to identify
all of the main characteristics of the nanoparticle EDL
and their dependence on the particle size and electrolyte
concentration.
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