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Layer-based thermal migration of an ionic liquid nano-droplet on a graphene surface:
a molecular dynamics study
Jingqiu Wang a,b, Yong Zhang b, Xiaolei Wang a and Edward J. Maginn b

aCollege of Mechanical and Electrical Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, People’s Republic of China;
bDepartment of Chemical and Biomolecular Engineering, University of Notre Dame, Notre Dame, IN, USA

ABSTRACT
The migration behaviour of an ionic liquid (IL) nano-droplet on a graphene surface under temperature
gradients was studied using non-equilibrium molecular dynamics (MD) simulations. 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM][BF4]) was used in the study. The migration of the IL
nano-droplet from the hot end to the cold end of the graphene surface was observed under all
temperature gradients considered in the current work. The migration was found to be faster under
higher temperature gradients. Detailed analysis reveals that, instead of rolling like a ball, the IL nano-
droplet migrates via a layer-based motion, in which the molecules have limited displacement in the
direction perpendicular to the graphene surface. The migration of the IL nano-droplet was also found
to be coupled with spreading on the graphene surface. The spatial organisation of the cations and
anions within the IL nano-droplet was also analysed. It was found that the ions forming the IL nano-
droplet organised themselves in layers parallel to the graphene surface, and the angles of cation rings
on different layers also tend to be specific. The cation closest to the graphene surface tends to align
with their rings parallel to the surface, while those away from the surface are more disordered.
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1. Introduction

Thermal migration, a phenomenon where a liquid on a sub-
strate flows from a high-temperature area to a low-temperature
area, plays a key role in many applications such as the lubrica-
tion of machines working under wide temperature variation
[1,2] and in microfluidic devices [3–5]. Many theoretical and
experimental efforts have been devoted to understand the
mechanisms and to find the dominant factors of thermal
migration [6,7]. It has been found that besides the temperature
gradient [8] as the driving force, surface topography and tex-
ture [9–11], surface energy [5], additives [12], substrate
materials [4] and liquid type [13,14] can also greatly influence
the migration behaviour.

It is only recently that the thermal migration phenomenon
has been studied using molecular dynamics (MD) simulations.
MD simulations are an effective means to provide the view of
liquid movement at the molecular level. Using non-equilibrium
MD simulations, Becton and Wang [15] explored the feasibility
of utilising a thermal gradient to control the motion of a small
graphene nano-flake on a large graphene substrate. Lohrasebi
et al. [16] found that the free energy decreases as a C60 mol-
ecule moves from the hot end toward the cold end of a gra-
phene sheet. Recently, Foroutan et al. [17] studied the effect
of temperature gradient on the behaviour of a water nano-dro-
plet resting on suspended graphene. They confirmed that the
droplet is driven to the cold end by the applied temperature
gradient. Similarly, an MD simulation study of the transport
of an ionic liquid (IL) droplet in a carbon nanotube subjected
to a thermal gradient has been reported [14]. The droplet

drifted along the axis of the nanotube toward the lower temp-
erature region. Simulations have also been carried out to study
the temperature effects on spreading of water nano-droplets on
a polymer surface [18].

ILs are low-temperature molten salts that generally combine
bulky asymmetric cations with various anions. Most of the dis-
tinctive physical and chemical properties of ILs, such as good
thermal stability, low volatility and reasonable viscosity-temp-
erature behaviour are in line with the desired performance of
lubricants, giving them the potential to become high-perform-
ance lubricants that can be used under harsh conditions such as
those encountered in the field of aerospace engineering. Var-
ious experimental studies [19,20] considering ILs as lubricants
have been performed. It was found that some IL lubricants have
excellent anti-wear and anti-friction properties, and the tribo-
logical properties were superior to traditional lubricants. Par-
ticularly, Huang et al. [21] studied in experiments the
migration behaviour of an ionic liquid droplet on a stainless
steel surface under a temperature gradient. Unlike molecular
lubricating oil, the IL droplet did not migrate under the exper-
imental conditions. It was hypothesised that this abnormal
behaviour originated from a combination of ordering structure
of ions at the interfaces as well as the Coulombic interactions
inside the droplet.

In the present study, we performed MD simulations of IL
nano-droplet migration on a graphene surface under varying
temperature gradients. To achieve a good understanding of
the thermal migration of the IL nano-droplet, the changes in
velocity of the IL nano-droplet during the migration were
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analysed. Molecular structure in terms of density profile and
cation orientation were also analysed.

2. Methodology

The simulation system consisted of an IL nano-droplet on a
graphene surface, as shown in Figure 1(a). 1-ethyl-3-methyli-
midazolium tetrafluoroborate ([EMIM][BF4]) was used in the
current study, as it is well studied and is commercially available.
The nano-droplet consisted of 65 ion pairs, which yielded a
nano-droplet diameter of about 3 nm. The single-layer gra-
phene surface had dimensions of Lx × Ly=40 nm × 50 nm, as
shown in Figure 1(b), which has 76,936 carbon atoms. The
simulation system was put in a box with the size of 40 nm ×
50 nm × 10 nm. Periodic boundary conditions were applied
in all three directions. Initially, the IL nano-droplet was placed
at the centre in the X direction, 5 nm to the left (hot) end and
0.5 nm above the graphene sheet.

To prepare the system, the IL was equilibrated at 300 K for
2 ns, during which the centre of mass (COM) of the nano-dro-
plet was fixed. For the graphene surface, atoms in the first 1 nm
on both ends along the Y-direction were fixed during the simu-
lation. Atoms of the next 4 nm were coupled with a Nosé–
Hoover thermostat with damping coefficient of 0.1 ps−1. The
temperature of the cold end (TC) of the graphene surface was
kept at 300 K throughout the simulation, while the hot end
has a higher temperature (TH) of 350, 400, 450 and500 K, to
obtain a temperature gradient of 1.25, 2.5, 3.75, 5 K/nm,
respectively. At the end of the equilibration, the temperature
distribution of the graphene surface was computed, as shown
in Figure 2. After the system was equilibrated, the constraint

applied to the COM of the IL droplet was removed and the
IL droplet was allowed to evolve in a NVE ensemble for 2.5 ns.

MD simulations were performed using the LAMMPS [22]
package with a timestep of 1 fs. [EMIM][BF4] was described
using the general Amber force field (GAFF) [23] with the par-
tial atomic charges derived using the RESP [24] method for
each isolated ion in the vacuum at the B3LYP/6-311++G(d,p)
level using Gaussian09 [25]. The atoms in the graphene surface
were modelled by the adaptive intermolecular reactive empiri-
cal bond order potential (AIREBO) [26]. The Lorentz–Berthe-
lot mixing rule was used to model the interactions between IL
and the graphene surface. Three independent simulations were
carried out at the same temperatures under each temperature
gradient with different random seeds for initial velocity gener-
ation. Averages were computed from these independent
simulations.

Figure 1. (Colour online) (a) Schematic of the simulation system. (b) 3D schematic of the calculation domain. (c) Two schematic views of the calculation domain and bins.

Figure 2. (Colour online) The equilibrated temperatures of the graphene surface
before adding the IL droplet under different temperature gradients.
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To analyse the results, the bounding box method reported
previously [27] was adopted. The coordinates of the COM of
the droplet were calculated at each time step. Based on the cal-
culated COM, abounding box of size 72 Å × 72 Å × 30 Å was
obtained. The bounding box was then divided into 36 Å ×
36 Å × 30 Å bins as schematically shown in Figure 1(c). By
counting the number of particles in each bin, the number den-
sity and charge density of the IL droplet was determined.

3. Results and discussion

3.1. Migration of nano-droplet

In the simulation, the IL nano-droplet migration was observed
under all the studied temperature gradients. Under the smallest
temperature gradient, the IL nano-droplet travelled half way
along the Y-direction of the graphene surface in 2.5 ns.
Under all the other temperature gradients, the nano-droplet
reached the cold end of the surface within the 2.5 ns simulation.
The migration behaviour under each temperature gradient was
analysed based on the first trip from the hot end to the cold end.

Figure 3(a) shows the temperature of the IL nano-droplet
during the migration under different temperature gradients.
The average temperature of the IL nano-droplet falls to around
200 K when it first lands on the graphene surface due to the
exchange of kinetic and potential energies. The temperature

then quickly increases and reaches a maximum, and then
decreases as the nano-droplet migrates across the surface. It
was found that the temperature of the nano-droplet increases
faster under a larger temperature gradient and the highest aver-
age temperatures of the IL nano-droplet are greater under
higher temperature gradients than those under lower tempera-
ture gradients. As shown in Figure 3(b), the IL nano-droplet
moves faster on the surface with the largest temperature gradi-
ent. It took only 0.7 and 1.5 ns for the nano-droplet to travel
from the hot end to the cold end under temperature gradients
of 5 and 3.75 K/nm, respectively. Under a 1.25 K/nm tempera-
ture gradient, the nano-droplet travelled less than 32 nm
during the 2.5 ns simulation time. The instantaneous velocities
of the IL nano-droplet COM along the Y-direction are shown
in Figure 3(c). As expected, the highest average velocity was
observed under the largest temperature gradient, which has a
value of 0.057 nm/ps.

To further study the migration behaviour, the trajectories of
three atoms of an ion initially located at the top layer, middle
layer and bottom layer of the IL nano-droplet were tracked.
Two cations and an anion were chosen randomly. The 3D tra-
jectories of an atom of each ion under temperature gradient
1.25 K/nm are shown in Figure 4 in magenta (top layer),
green (middle layer) and blue (bottom layer), respectively. Tra-
jectories of other atoms in each ion are shown in grey. It can be
seen from the figure that all three atoms move mainly along the

Figure 3. (Colour online) IL nano-droplet migration under different temperature gradients. (a) Average temperature of the IL droplet as a function of temperature gra-
dient. (b) COM position of the IL droplet in Y-direction as a function of simulation time. (c) The instantaneous COM velocity of the IL nano-droplet in the Y-direction as a
function of temperature gradient.
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Y-direction, the direction of temperature gradient, with some
random movement in the X-direction. The displacement in
the Z-direction (perpendicular to the surface) is very limited.
This migration behaviour is clearer in Figure 4(b) where the
movement of the selected atoms relative to the nano-droplet
COM is provided. It can be seen that the three ions spin around
the vertical axis (Z-direction) during the simulation without
much displacement in the Z-direction. Note that, however,
due to the lack of driving force in the X-direction, the spin
direction is random and keeps changing while the droplet
migrates along Y-direction.

Themovement of IL nano-droplet ions in theZ-directionwas
further studied quantitatively. The maximum displacement in
the Z-direction (ΔZmax) during the simulation was calculated
for each ion and the results are shown in Figure 5(a). It was
found that 80% of IL ionsmoved less than 7 Å in the Z-direction
during the simulation, and half of the ions moved even less than

5 Å. For the ions at the bottom (Z≤ 5 Å) of the nano-droplet, the
maximum displacements are even smaller. As shown in Figure 5
(b), 85% of these ions moved less than 3 Å in the Z-direction
during the simulation, suggesting strong interactions between
the IL nano-droplet ions and the graphene surface. This obser-
vation suggests that most ions do not switch layers in the Z-
direction while migrating along the temperature gradient. The
same behaviour was also observed for all the ions under all temp-
erature gradients. This behaviour is similar to ‘laminar flow’
where fluid particles close to a solid surface move in straight
lines parallel to the surface without disruption between layers,
which usually happens at low Reynolds number [28].

During the migration, the geometry of the IL nano-droplet
changes. Figure 6(a) shows the dimensions of the IL nano-dro-
plet in the X, Y and Z-directions, respectively, as a function of
simulation time under a temperature gradient of 3.75 K/nm.
During the migration, the width (X-direction) and length (Y-

Figure 4. (Colour online) (a) Trajectory of three ions. The initial position of the three chosen atoms of the ions are shown in the inset. (b) Movement of three ions relative
to the IL nano-droplet COM.

Figure 5. (Colour online) (a) Distribution of ΔZmax of all ions of IL nano-droplet. (b) Distribution of ΔZmax of ions at the bottom layers (Z≤ 5 Å) of the nano-droplet.
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direction) of the IL nano-droplet, calculated based on the bot-
tom layer, increases whereas the height (Z-direction) decreases.
This clearly suggests that the nano-droplet ‘flattens’ during ther-
malmigration. Figure 6(b) shows the ratio of ion numbers in the
bottom layer to the number in the rest of the IL nano-droplet
under different temperature gradients. This ratio increases fas-
ter under a larger temperature gradient. Figure 6(c) shows the
same ratio calculated for cations and anions, respectively,
under a 3.75 K/nm temperature gradient. While the ratios of
both cation and anion increase during the droplet migration,
the ratio for the cation is almost always slightly higher than
that for anion, which suggests that there are more cations
than anions in the bottom layer of the IL nano-droplet.

3.2. Structure of IL nano-droplet

The structure of the IL nano-droplet on the graphene surface
was also studied. Figure 7(a) shows the positions of the COM
of each IL ion projected onto the Y–Z plane under the tempera-
ture gradient 1.25 K/nm. A distinct layered distribution of the

ions can be observed. The corresponding number density
profile was calculated and is shown in Figure 7(b). The first
peak in the profile at about 5 Å from the graphene surface
can be seen for both cations and anions, and the peaks at longer
distances are relatively lower, suggesting a preferred distri-
bution of both cation and anion at the surface. It can also be
seen that the first anion peak shows up at a slightly longer dis-
tance from the surface than that of the cation. This behaviour
can be more easily seen in Figure 7(c) where the ratio of the
cation and anion number density is provided. At a distance
of 3 Å, the ratio reaches its maximum of 5, suggesting the num-
ber of cations are five times that of anions at the graphene sur-
face. The results under other temperature gradients are similar.
The preferred distribution of the cation at the graphene surface
observed in the current work is similar with studies reported
previously [29,30].

Similarly, the charge density profile as a function of distance
from the graphene surface was also calculated and the results
under a temperature gradient of 1.25 K/nm are shown in Figure
8(a). Figure 8(b) shows the contribution from the cation and

Figure 6. (Colour online) (a) Geometrical change of the IL nano-droplet as a function of simulation time under temperature gradient 3.75 K/nm. (b) Ratio of number of
ions in the bottom layer of the IL nano-droplet to that of ions in the rest of the nano-droplet at each temperature gradient. (c) Ratio of ions in the bottom layer to that in
the rest of the nano-droplet calculated for cations and anions, respectively, under temperature gradient 3.75 K/nm.
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anion, respectively. Note that these charge density profiles were
calculated based on atom positions, not COM of the ions. Con-
sistent with the number density profile, a layered distribution of
charges can be observed in Figure 8. This layered distribution is
more obvious when it is close to the graphene surface. At a dis-
tance of 5 Å from the surface, the charge density profile shows a
maximum of about 0.0048 e/Å3. The positive charge at the sur-
face is consistent with the finding the cation density is enriched
near the graphene surface.

Finally, the orientation of the cations were studied. An order
parameter was defined as

Su = 1
2
(3sin2u− 1)

( )
, (1)

where θ is the angle between the plane of the cation ring and the
graphene surface. The order parameter Sθ has a value of −0.5 if
the cation ring is parallel to the graphene surface and a value of

Figure 7. (Colour online) (a) Projection of COM of all molecules on the Y–Z plane. (b) Number density distribution of IL ions. (c) Ratio of cation to anion number density of
IL nano-droplet on graphene surface along the z-axis. Results are for a temperature gradient of 1.25 K/nm.

Figure 8. (Colour online) (a) Charge distribution of IL nano-droplets on graphene surface as a function of distance from the graphene surface. (b) Charge distribution
calculated for cations and anions, respectively, as a function of distance from the graphene surface. Results are for a temperature gradient of 1.25 K/nm.
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1.0 if the cation ring is perpendicular to the graphene surface.
Figure 9 shows the average order parameter as a function of dis-
tance from the graphene surface calculated under each temp-
erature gradient. Under the temperature gradient 1.25 K/nm,
the order parameter has a trough at 4 Å and a maximum at
15 Å, respectively. At 4 and 5 Å, the order parameter is about
−0.4 and −0.2, respectively, which suggests the cation rings
at the bottom of the nano-droplet tend to be parallel to the gra-
phene surface. At 15 Å, the order parameter has a value of 0.65,
corresponding to an angle of 60°. In other layers, the order par-
ameter tends to have positive values and the angles are between
30° and 60°, suggesting the cation rings are inclined away from
the surface.

It can be observed in Figure 9 that the trough in order par-
ameter appears at the same distance under different tempera-
ture gradients. However, the maximum values have different
locations. Under temperature gradients 1.25 and 2.5 K/nm,
the maxima appear at 15 Å with the values being 0.65 and
0.6, respectively. Under temperature gradients 3.75 and 5 K/
nm, the maxima appear at 11 Å and the values are about
0.55. The shift of the maximum locations under different temp-
erature gradients is related to the IL nano-droplet geometry
change discussed earlier.

4. Conclusion

Thermal migration is a fundamental phenomenon of signifi-
cant importance in applications such as lubrication. Ionic
liquids have the potential to be lubricants with outstanding per-
formance due to their novel properties. In the current work, the
thermal migration of an IL nano-droplet on a graphene surface
was studied using non-equilibrium MD simulations. Four
temperature gradients were applied to the graphene surface
by keeping the two ends of the graphene surface at different
temperatures. Migration of the IL nano-droplet was observed
under all temperature gradients. It was found that the
migration is faster when the temperature gradients are higher.
During the migration, the size of the bottom layer of the IL
nano-droplet was found to increase as a function of simulation
time, suggesting the migration is coupled with spreading the IL

nano-droplet on the graphene surface. The ions forming the IL
nano-droplet organised themselves in layers parallel to the gra-
phene surface. The nano-droplet migrates on the graphene sur-
face down the temperature gradient in a layer-based motion
with the ions in each layer having limited displacement in the
direction perpendicular to the graphene surface.

This simulation results provide evidence that the ionic dro-
plet has a layered structure and layer-based motion. It is an
interesting question whether the layered structure and layer-
based motion on the atomic scale has relationship to the lami-
nar flow at the macroscale.
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