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ABSTRACT: A molecular dynamics simulation was conducted to study the structure
and morphology of sodium dodecyl sulfate (SDS) surfactants adsorbed on a nanoscale
graphene nanostructure in the presence of an electrolyte. The self-assembly structure
can be reorganized by the electrolyte-induced effect. An increase in the ionic strength
of the added electrolyte can enhance the stretching of adsorbed surfactants toward the
bulk aqueous phase and make headgroups assemble densely, leading to a more
compact structure of the SDS/graphene composite. The change in the self-assembly
structure is attributed to the accumulation/condensation of electrolyte cations near the
surfactant aggregate, consequently screening the electrostatic repulsion between
charged headgroups. The role of the electrolyte revealed here provides direct
microscopic evidence or an explanation of the reported experiments in the electrolyte
tuning of the interfacial structure of a surfactant aggregate on the surface of carbon
nanoparticles. Additionally, the buoyant density of the SDS/graphene assembly has
been computed. With an increase in the ionic strength of the electrolyte, the buoyant
density of the SDS/graphene composite rises. The interfacial accumulation of electrolytes provides an important contribution to
the density enhancement. The study will be valuable for the dispersion and application of graphene nanomaterials.
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1. INTRODUCTION

Graphene has shown extensive applications in preparing new-
type hybrid nanomaterials,1−4 due to its excellent electronic,
mechanical, thermal, and chemical properties.5−7 In this aspect,
surfactants self-assembled on the graphene surface can form
structured aggregates, which are able to fabricate well
controlled and ordered hybrid nanostructures, including
metal/graphene8−10 and metal-oxide/graphene nanocompo-
sites.11−16 The utilization of the surfactant not only solves the
hydrophobic/hydrophilic incompatibility problem in nano-
composites but also acts as a molecular template to control
the deposition and grafting of functional compounds on a
nanoscale graphene surface.
For a long time, the effect of an electrolyte on the surfactant

adsorption onto a solid surface has been experimentally
studied.17−23 Previous studies20,21 have shown an increase in
the adsorption amounts of ionic surfactants on a silica surface in
the presence of electrolytes. This origin has been explained as
the screening effect by electrolytes, which reduces the
surfactant headgroup area and allows more tightly packed
aggregates. Ducker and Lamont22 found that, at the interface
between muscovite mica and aqueous solution, more curved
self-assembly structures of cationic surfactants were observed at
higher electrolyte salt concentrations. It was also reported23

that on macroscopic graphite the interaggregate spacing of
adsorbed sodium dodecyl sulfate (SDS) molecules decreases as
the NaCl concentration increases. Despite these efforts, at

present, studying the electrolyte effect on surfactant self-
assembly structures onto solid surfaces still remains active.
In the recent research by Doorn et al.,24,25 it was proposed

that enhanced electrostatic screening on headgroups, originated
from electrolyte addition, could induce an increased surface
loading of sodium dodecyl sulfate (SDS) on a carbon nanotube
(CNT) and a pronounced volume expansion in the SDS/CNT
composite structure. Furthermore, fluorescence spectroscopy26

and UV−vis−NIR absorbance experiments27 have revealed that
electrolyte-induced reorientation of the surfactant structure
could eliminate several pockets of water from the tube surface.
Additionally, it has been reported28 that the electrolyte is able
to modify the surfactant structure on CNT surfaces, leading to
a change in the retention of SDS-suspended single-wall carbon
nanotubes (SWNT) on agarose gels. However, the mechanism
explanation was just obtained from indirect experimental
deduction. It is highly essential to provide a direct molecular-
level picture and analysis on the relevant microscopic structure
and mechanism.
Understanding the electrolyte effect on the surfactant self-

assembly structure on graphene nanosheets will improve
graphene dispersion preparation and guide the design of
novel graphene-based nanomaterials. If there is an analogy
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between SWNT and graphene, it is expected that the
electrolyte addition will result in the structural reorganization
of adsorbed ionic surfactants on a graphene surface. This will
not only modify the dispersion of graphene29−31 but also
provide an alternative to modulation of metal/graphene or
metal-oxide/graphene nanohybrids.13−16

Molecular simulations have been performed to study the
interfacial structure of surfactants on graphene surfaces.32−34

Meanwhile, the effect of monovalent electrolytes on the
morphology of surfactants on solid surfaces has been studies
to some extent.27,35−37 However, there is a lack of systematical
studies of the effect of various electrolyte ions, including
valence and concentration, on the structures and morphologies
of ionic surfactants adsorbed on nanosized graphene sheets.
With all of the above in mind, in the present study, we carried
out an all-atomistic molecular dynamics (MD) simulation to
study the self-assembly of SDS on a graphene surface in the
presence of an electrolyte. The present study not only offers a
systematic microscopic picture of the supermolecular surfac-
tant/graphene nanostructure but also gives a comprehensive
explanation on the function of electrolyte ions in the tuning of
surfactant adsorption morphology.

2. METHOLOGY
2.1. Models and Simulation Details. The carbon atoms in

graphene were treated as uncharged Lennard-Jones (L-J) spheres.38

These L-J potential parameters have been verified to be reasonable in
simulating the carbon nanotube in water39 and the SDS self-assembly
on the CNT surface.40 The potential parameters for SDS were
adopted from the references 40 and 41, which have been successfully
used to simulate the self-assembly of SDS molecules at the water/
graphite interface41,42 and the water/CNT interface.40 Water
molecules were represented by the SPC/E model.43 The simulated
parameters for the electrolyte ions (Na+, Mg2+, Ca2+, and Cl−) were
obtained from the references 44−49, in which the microstructure of
the aqueous ion−graphene interface has been simulated. For the van
der Waals (vdW) interactions between different types of particles, the
L-J potential with the Lorentz−Berthelot mixing rule was applied.
However, for the water−graphene interaction, a carbon−oxygen L-J
potential with the parameters from the work of Werder et al.50,51 was
used, which has been widely applied to simulate the contact angle of
water droplets on a graphite surface.

The self-assembly MD simulations of SDS on graphene in
electrolyte solutions were performed in the NPT ensemble using the
Lammps package.52 All simulations were performed in the
isothermal−isobaric ensemble (NPT), at a temperature of 300 K
and pressure of 1.0 atm, with a time step of 2 fs and three-dimensional
periodic boundary conditions. The particle mesh Ewald (PME)
method53 was used to calculate the long-range electrostatic interaction.
Each graphene was considered to be a rigid body, and the carbon
atoms at the edges were equally treated as the center atoms. As
observed in Figure S1, there is no obvious difference in the simulation
structures between rigid and flexible graphenes. This is consistent with
previous studies.32,54

2.2. Details on Initial Configuration and System Composi-
tion. In this simulation, surfactants were initially placed on both sides
of graphene with their axes perpendicular to the solid surface (defined
as per-assembly initial configuration). This initial configuration has
been used in the extensive simulations of SDS aggregates on
graphites.41,42,55 To verify the rationality, we additionally conducted
simulations using another initial configuration, in which surfactant
molecules were randomly distributed in the simulation cell (defined as
the random initial configuration). It was demonstrated (Figure S2)
that the same equilibrium self-assembly structures can be obtained
using the two different initial configurations. This indicates that the
simulation method in this work is reasonable. In general, MD
simulation run with the random configuration was carried out for 200
ns, and the preassembly system was run for 40 ns. We used the last 10
ns trajectories collected per 1000 steps for the structure analysis.

Two surface coverages for SDS on the graphene surface were
considered: one is 2.2 SDS molecules/nm2 (45 Å2/molecule, denoted
as the Full_SDS system), corresponding to saturated surface
coverage23,42,56 on graphite; another is 1.0 SDS molecules/nm2

(Low_SDS), which is in good agreement with the monolayer
adsorption model on the graphite surface.57 Actually, the finite size
of the graphene sheet has a certain effect on the morphology of
surfactant aggregates.32,34 However, the single-layer graphene sheet in
this work is composed of 1960 carbon atoms with a size of 42 Å × 118
Å. Thus, the self-assembly structure and morphology under the two
packing densities could reasonably represent the characteristics of SDS
adsorption on nanosized graphene sheets. In this work, the main goal
is to study the electrolyte effect on SDS adsorption onto graphene. It is
expected that the simulation results obtained here should capture the
important information. The electrolyte ions were added randomly, and
various types and concentrations of electrolytes were investigated. The
salt concentration presented here only includes the added electrolyte
ions without considering the counterions SDS_Na+. The detailed

Figure 1. (a) Representative simulation snapshots of the SDS/graphene assembly structure obtained in the Full_SDS system under four electrolyte
solutions. From the top to the bottom: Pure aqueous solution, 0.6 M NaCl, 0.6 M CaCl2, 3.8 M CaCl2. Two views for each system: left is a side view;
right is a front view. Color code: methyl groups, sulfur, and oxygen in SDS are represented by cyan, yellow, and red spheres, respectively. Sodium
counterions are represented by green spheres. Carbon atoms in graphene are shown as black spheres. (b) Two-dimensional density distribution
maps of SDS surfactants on the graphene surface.
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simulation systems are listed in Table S1 in the Supporting
Information.

3. RESULTS AND DISCUSSION

In this work, we carried out a series of MD simulations on SDS
adsorption under different electrolyte conditions (total 28
systems, see Table S1). Figure 1 shows the representative
simulation results in four typical electrolyte solutions. The
equilibrium snapshots show that the tailgroups of surfactants
are close to the graphene surface, while most of the headgroups
are exposed to the surrounding aqueous phase. This self-
assembly performance can enlarge the contact between the
hydrophobic tail segments and graphene surface. The two-
dimensional density profiles, which reflect the projections of
the surfactant density around the graphene surface, are shown
in Figure 1b. In pure aqueous solution, SDS surfactants
adsorbed on the graphene surface form a rough multilayer
structure, which agrees well with the previous simulation.32

However, previous experiments23,58 and simulations35,42,59,60

showed that SDS could form a hemicylinder micelle on
graphite when the surfactant concentration reached saturation.
The difference is possible due to the finite surface size of the
graphene nanosheet investigated in this work, which can result
in the side edge adsorption behavior.32,34

It is observed that the existence of an electrolyte can have an
obvious effect on the morphology of SDS micelles. With a
monovalent or divalent electrolyte at a low concentration (0.6
M), adsorbed surfactants can form partial hemicylinder
micelles. For 0.6 M NaCl, the imperfect hemicylinder
morphology shows that the periodicity of the surfactant
aggregates is about 50 Å, which is similar to the experimental
observation of periodic SDS striations (∼5.2 nm) on graphite
surfaces.23,60

For 0.6 M divalent electrolyte CaCl2, the formed hemi-
cylinder micelle becomes more curved. Furthermore, with 3.8
M CaCl2, the SDS molecules obviously display a complete
smooth hemicylinder structure on graphene. As compared with
the other three systems, the surfactants at 3.8 M CaCl2
demonstrate enhanced stretching toward the aqueous phase,
corresponding to a more compact self-assembly structure. The
assembly structure is somewhat similar to the full-cylinder
aggregate structure on the CNT surface reported in previous
experiments61,62 and simulations.63−65 The enhanced extending
degree of surfactant chains has also been observed for dodecyl
sulfate adsorbed on CNTs when the sodium counterions (Na+)
are substituted with Cs+ ones.27 Actually, the more vertical
adsorption pattern of the surfactant relative to the surface might
vacate additional adsorption space on the surface and could
lead to a further increase in the adsorption amount of
surfactants. Although this further adsorption cannot be
observed in the present MD simulation with a finite number
of surfactants placed on the graphene surface, this observation
is in qualitative agreement with the previous hypothesis24,25

that the volume expansion of the SDS/SWNT composite is
caused by more surfactant adsorption with salt addition.
Meanwhile, the more compactly packing manner of headgroups
on the graphene surface can also be supported by the
probability distribution of the minimal distance between the
headgroups (in Figure S3). For other systems, similar self-
assembly behavior has been observed (see Figure S4). To sum
up, an increase in both valence and concentration of electrolyte
ions, corresponding to an enhancement of the ionic strength of

the electrolyte, can improve the surfactant stretching and make
surfactants pack more closely.
The interfacial density distributions of the tailgroups,

headgroups, and sodium counterions of SDS are shown in
Figure 2, as a function of the distance z perpendicular to the

surface. The sharp first peaks in the density distributions of
tailgroups (Figure 2a) indicate that most tailgroups remain in
close contact with the surface. Increasing the ionic strength can
result in an obvious shift of the headgroup density peak (Figure
2b) away from the graphene. This means more surfactant
headgroups protruding toward the aqueous solution, increasing
the extending degree of surfactants. The result is consistent
with the previous simulation36 that the density peaks of SDS
headgroups on a macroscopic graphite surface become sharper,
as the salt concentration increases.
On the basis of the density profiles of headgroups, the

maximum height of the aggregate relative to the graphene
surface is estimated to be 17.5 Å, which is in good agreement
with the AFM experimental height value (17 ± 0.5 Å) for the
SDS micelle on the graphite−solution interface.23 We observe
that some surfactant headgroups are located near the graphene
surface, as shown by the first peak at ∼±4 Å in Figure 2b. This
phenomenon is possible due to the side edge effect of the
graphene nanosheet with finite surface size, which can keep
headgroups clinging to the graphene edge.32,34

Figure 2c shows the density distribution of surfactant
counterions, which can be considered as the counterion
accumulation/condensation behavior near the head-
groups.32,59,66,67 The counterion condensation effect can also
be observed in the snapshots (Figure 1), in which the
counterions are located inside the micelle, just like being
sandwiched between the SDS headgroups.32,66 Similar density
profiles for the electrolyte ions were presented in Figure S5.
There also is an accumulation/condensation of electrolyte
cations near the surfactant aggregate. These results demonstrate
that the charged headgroups in the SDS aggregate can produce
attractive interaction with the counterions and the electrolyte
cations.

Figure 2. Density profiles of surfactant under four electrolyte solutions
in the Full_SDS system along the z axis perpendicular to the graphene
surface. (a) tail segment, (b) headgroup, and (c) sodium counterion.
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The orientation distribution of adsorbed SDS molecules has
been shown in Figure 3a, where the orientation angle (θ) of the
surfactant is correlated with its position (z) in regard to the
surface. In the pure SDS/graphene system without electrolytes,
four strip bands in the angle distribution represent two layers of
SDS assembly on the graphene surface. It is in accordance with
the morphology observed in Figure 1. As the ionic strength
increases, the orientation distribution curves are elongated and
the distribution density becomes denser at the larger separation
from the surface. This result indicates an increase in the
perpendicular orientation of surfactants with the ionic strength,
corresponding to an enhanced stretching of surfactant toward
the aqueous phase. This behavior can be further supported by
the probability distributions of the average orientation angle
(Figure 3b) and the height of the surfactant headgroup relative
to the graphene surface (Figure 3c).
Figure 4a shows the radial distribution functions (RDFs)

between the ions and the solvent, which reveals that the water
molecules solvate well to these ions.68 An increase in the ionic
strength can lead to a decrease in the RDF peak around the
sodium counterions (SDS-Na+), meaning a decline in the local
water structure around SDS_Na+. This is consistent with the
condensation effect of counterions with more SDS_Na+ ions
binding to the headgroups (Figure 2c). This phenomenon can
also be confirmed by the RDFs between the headgroups and
the water molecules (g(rOheadgroup−OWater

)) in Figure 4b, where the

intensity of first peaks becomes weaker with the ionic strength
increasing.

According to the above result, the SDS surfactants
demonstrate a more compact adsorption pattern in the CaCl2
solution (3.8 M) with a preference of perpendicular orientation
relative to the graphene surface. Next, we want to check if this
enhanced stretching self-assembly morphology can be made
through a structure transformation from other equilibrium
configurations by adding an electrolyte. Herein, we performed a
MD self-assembly simulation with the initial configuration,
which was adopted from the final equilibrium structure in pure
SDS/graphene aqueous solution (without additional electro-
lyte). The electrolyte CaCl2 (3.8 M) was then added in the
simulation system, and we monitor the dynamical process of
SDS self-assembly on graphene.
The representative process snapshots are presented in Figure

5a. During the initial stage (0−2 ns), the equilibrium MD run
was performed for the pure aqueous SDS/graphene system
(Full_SDS) without added electrolyte, and the multilayer
structure of surfactants on the graphene surface can keep stable.
After a simulation time of 3 ns, i.e., 1 ns after the introduction
of additional CaCl2 electrolyte, the surfactant aggregate begins
to rearrange its structure. In a period of time, the micelle
morphology can reorganize into rough hemicylindrical
structure with more surfactants extending to the aqueous
phase. After 20 ns, a steady complete hemicylinder structure
has been formed. A detailed comparison of the equilibrium
structures of SDS/graphene aggregates is shown in Figure S6.
In Figure 5b, as expected, the average height of the surfactant

headgroup, relative to the graphene surface, increases as a
function of the simulation time. Meanwhile, the time evolution

Figure 3. (a) Orientational distribution of surfactants in the Full_SDS as a function of the separation (z, abscissa) between headgroups and the
graphene surface. θ represents the orientation angle between the principal axis of the SDS and the parallel vector with respect to the graphene plane
under different separations, z. (b) Probability distribution of the average orientation angle between the principal axis of the SDS and the graphene
surface. (c) The probability distributions of the height of surfactant headgroup relative to the graphene surface.

Figure 4. Radial distribution function (g(r)) of the water molecules around (a) ions and (b) SDS headgroups in the Full_SDS system. SDS_Na+ is
the counterions of the surfactant, and Na+ is the added electrolyte sodium ions.
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of the Coulombic energy between SDS headgroups and the
average minimal distance between headgroups is presented in
Figure 5c. The increase in the Coulombic energy between
charged headgroups and the reduction of the minimal distance
further illustrate that the electrolyte can strengthen the
screening effect on the electrostatic repulsion between
headgroups, thereby making adjacent headgroups contact
more closely. This screening effect is mainly associated with
the binding interaction of the added electrolyte cations with the
surfactant headgroups.
Additionally, the surfactant self-assembly on the graphene

surface (Low_SDS) under low packing density was also
simulated. The equilibrium snapshots and the corresponding
two-dimensional projection densities of the SDS/graphene
aggregation are shown in Figure 6. In the absence of added
electrolyte, the SDS molecules form a sparse disordered
monolayer structure with the surfactants lying along the
graphene surface. This is similar to previous simulations on
surfactant adsorbed on CNT40,67 and the graphite sur-
face.55,59,69 With an increase in the ionic strength, a similar
extending behavior for surfactant adsorption morphology is
observed (see Figures S7−S11). However, the stretching
degree of SDS for the Low_SDS system is relatively weak.

Figure 7 shows a straight quantitative correlation between
the change of surfactant structures and the ionic strength of

electrolytes for all 28 investigated systems. Herein, the ionic
strengths were calculated only based on the introduced
electrolyte ions in the aqueous solution without considering
the sodium counterions (SDS_Na+). With ionic strength
increasing, there is a rise in the average surfactant height, a
reduction in the minimal distance between headgroups, and an
increase in the Coulombic repulsive energy between negatively
charged headgroups. This result confirms the formation of a
compact structure of the SDS/graphene assembly with
electrolyte addition and further reflects the electrolyte-induced
effect.
From the above result, the added electrolyte ions can screen

the electrostatic repulsion between negatively charged head-
groups, consequently leading to an enhanced stretching of
surfactant chains toward the aqueous phase. This reorganiza-
tion of self-assembly structures of adsorbed surfactants is
expected to result in an increase in the steric repulsion between

Figure 5. (a) Snapshots of SDS assembly on the graphene surface. The
time evolution of (b) the average height of surfactant headgroup
relative to the graphene surface and (c) the Couloumbic energy
between SDS headgroups and the average minimal distance between
them.

Figure 6. Same as in Figure 1 but for the Low_SDS system. (a) Representative simulation snapshots of the SDS/graphene assembly structure. (b)
Two-dimensional density distribution maps of SDS surfactants on the graphene surface.

Figure 7. (a) The average height of surfactant headgroup relative to
graphene surface. (b) The average minimal distance between
headgroups. (c) The Couloumbic energy between headgroups as a
function of electrolyte ionic strength. The solid line is the relevant
linear fitting.
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individual SDS/graphene assemblies. Our simulation might
provide a molecular-level support that controlling the ionic
strength of the electrolyte can help with tuning the interfacial
interaction between surfactant-coated graphene sheets, which is
highly valuable in surfactant-stabilized graphene dispersion and
preparation.29 In addition, our simulation suggests that the
rearrangement of surfactant self-assembly under various
electrolyte conditions could provide a method to modulate
the hybrid template for effective deposition of metal or metal
oxide on nanoscale graphene surfaces.
Recent research30 has shown that ultracentrifugating

graphene nanosheets stabilized by surfactants is a promising
route for achieving the desired separation. The self-assembly
structure of surfactant adsorbed on the graphene surface might
determine the effective buoyant density of the aggregate,67,70

which is the key factor in the ultracentrifugating separation of
graphene. As discussed above, the electrolyte can change the
SDS assembly structure on graphene. Therefore, it is very
necessary to further evaluate the effect of the electrolyte on the
buoyant density of SDS/graphene assembly.
The complex density of the SDS/graphene assembly,

ρGra−SDS, was calculated by integrating the total density of
species along the z axis as follows:33

∫ρ ρ ρ ρ

ρ

=
−

+ +

+

− − +
z z

z

1
(

) d

z

z

Gra SDS
2 1

Gra SDS Na Electrolyte

Water

1

2

(1)

where the integration boundary (Z1 and Z2) is chosen based on
the positions where the water density reaches its bulk value. For
all systems investigated in this work, the integration extremes in
eq 1 used the same values with Z1 = −16.5 Å and Z2 = 16.5 Å.

Figure 8a depicts the densities of graphene-SDS assembly as
a function of electrolyte ionic strengths for the two systems
(Low_SDS and Full_SDS). On the whole, the complex
densities for the Full_SDS system are higher than those for
the Low_SDS system. In the pure SDS solution without
electrolyte, the simulated density of the graphene-SDS
assembly for the Full_SDS system is equal to ∼1.18 g/cm3,
which is close to the experimental buoyant density (1.16 g/
cm3) of the graphene−sodium cholate surfactant assembly.30

As shown in Figure 8a, the assembly densities increase as the
ionic strength rises. It is observed that the increasing degree of
density in the Low_SDS system is larger than that in the
Full_SDS system. In order to explain the possible origin, we
decomposed the total density into various contributions. Figure
8b and c show the decomposition for the case of a NaCl
electrolyte, and other systems are shown in Figures S12 and
S13. These results indicate that the interfacial water molecules
make a significant contribution to the density of the
supramolecular assembly.
For the SDS/graphene assembly, the increase in the density

with the ionic strength is mainly caused by the presence of an
electrolyte. Although a change in the aggregate morphology
corresponds to a structure expansion, which might lead to a
decrease of the aggregate density, the interfacial accumulation
of electrolytes near the SDS aggregate provides an over-
whelming impact on the density change. In the Low_SDS
system, the electrolyte can produce a more obvious influence
on the complex density with the ionic strength increasing. It is
possible due to the fact that under higher surface coverage of
the surfactant there is no vacating room for electrolyte
occupation.

Figure 8. (a) Density of graphene-SDS assembly (ρGra−SDS) as a function of the ionic strength of the electrolyte (open symbol) and the fitted curve
(solid line, that is only a guide for the eyes). The decomposition of the total density into the various contributions for the NaCl electrolyte in (b)
Low_SDS and (c) Full_SDS systems.
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4. CONCLUSION

Molecular dynamics simulations have been performed to study
the effect of electrolyte on the aggregate morphology and self-
assembly structure of SDS surfactants adsorbed on a nanoscale
graphene surface. It is observed that the self-assembly structure
of adsorbed surfactants can be reorganized by electrolyte
addition. An increase of electrolyte ionic strength can lead to a
transformation of the surfactant morphology from a rough
multilayer disordered structure to a hemicylindrical structure,
corresponding to a more compact morphology of the SDS/
graphene composite. These molecular-level pictures are
consistent with current experiments and simulations on
surfactant adsorption on carbon surfaces. This behavior can
be interpreted in terms of the enhanced screening effect on the
electrostatic repulsion between headgroups, which is ascribed
to the so-called cation condensation/accumulation near the
surfactant headgroups. This simulated result provides, on the
molecular level, insight into new routes for controlling the
interfacial structures and forces for surfactant/graphene
assemblies, which is valuable for the preparation and
application of graphene-based nanomaterials.
The buoyant density of the SDS/graphene assembly has

been calculated. This result shows that the interfacial solvent
molecules make a major contribution to the density of the
supramolecular assembly. With an increase in the ionic
strength, the density rises due to the contribution of electrolyte
binding. The change in the buoyant density might enhance and
optimize the density gradient separation (DGS) approach in
the graphene dispersion with controlled thickness.30,31
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