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ABSTRACT: Thermo-osmosis driven by temperature gradients generally requires two
liquid reservoirs at different temperatures connected by porous bodies or capillaries. We
demonstrate, by molecular dynamics simulation, a new phenomenon toward nanoscale
thermo-osmosis. Upon heating at a certain region of a nanochannel, multiple nanoscale
convective layers are formed and can be manipulated to generate a net fluid transport from
one reservoir to another, even without a temperature difference between them. A net
unidirectional fluid transport with different rates can be achieved by precisely controlling
location of the heated region. The net fluid transport can be enhanced further by tuning
liquid-wall interactions. The demonstrated phenomenon provides a strategy for enhancing
fluid mixing, which is often inefficient in nanoscale flows. Our finding is promising for chip-
level cooling. The heat generated by chips can be employed to produce asymmetric
temperature gradients in channels through proper configuration. Coolant liquids can thus be
circulated without extra pumps.
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Nanofluidics is the study of fluids and ionic species
transport at nanometer scale.1 Considerable progress

reported in past years render this emerging field charming and
blooming.2−11 On a macroscopic scale, fluid is driven by
pressure gradients or body forces, such as gravity and
centrifugal forces. In nanofluidics, however, fluid flow is
dominated by surface effects, where transport is caused by
electric fields, concentration gradients, and temperature
gradients near the interfaces, that is, electro-osmosis, diffusio-
osmosis, and thermo-osmosis, respectively. It becomes more
important to understand and predict these osmotic flows from
molecular level with the development of nanofluidics.
Compared with electro-osmosis,12−15 very limited work has
been done on thermo-osmosis so far. Thermo-osmosis was
observed and reported by Lippmann in 1907.16 The
applications of thermo-osmosis range from biological to energy
areas, such as optothermal DNA trapping and identification of
protein aggregates,17,18 wastewater recovery,19,20 energy
harvesting from temperature gradients,21,22 fuel cells,23,24 and
so on.25

In the last century, thermo-osmosis was studied mainly in
the experimental system, where two liquid reservoirs with a
temperature difference were separated by a porous mem-
brane.26 The porous membranes were black boxes. Limited by
previous experiment technology, it was difficult to observe
what happened inside the membrane. Recently, Bregulla et al.
reported the first microscale observation of thermo-osmotic
flow by tracking single tracer nanoparticles in the micro-
channel, providing direct evidence of thermo-osmosis.27

However, it is still a challenge to measure the local velocity,
enthalpy, pressure, and viscosity on the nanometer scale.
In this regard, molecular dynamics (MD) simulations play a

critical role in the mechanistic study of thermo-osmosis flow.
In fact, directly simulating thermo-osmosis is very difficult
because no corresponding explicit force is reasonably available
to act on the simulated particles. Nevertheless, some progress
has been made recently. Ganti et al. employed equilibrium MD
simulation to study the local pressure difference distribution
near the solid−liquid interface under different temperatures.28

The result suggested that it should be feasible to consider
thermo-osmosis without any external assumption using MD
simulation. Fu et al. further used nonequilibrium MD
simulation to study a practical case.29 The influence of
stagnant layer, slip length, and viscous entrance was studied.
This work provided a more detailed molecular-level under-
standing of thermo-osmosis.
On the other hand, new phenomena are expected to emerge

by breaking the homogeneities or symmetries of surfaces in
nanofluidics. For instance, a net electro-osmotic flow was
achieved by breaking geometric symmetries.30 A fluid was
pumped by symmetric temperature gradients with heteroge-
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neous surface energies.31 Rectified flows were realized on
composite surfaces with inhomogeneous surface charges,32

surface energies,33 and shapes of nanochannels.34

Inspired by these works, we propose a new approach
employing the power of thermo-osmosis where a certain region
inside the nanochannel is heated, while both of the reservoirs
at the ends of nanochannel are kept at the same temperature.
This situation can be realized experimentally by laser
illumination of sufficiently long nanochannels, longer than
the simulation system that is limited by computational cost.
For instance, Bregulla et al. used a laser to heat a gold
nanoparticle which was fixed on the wall surface.27 The local
heating induced a temperature gradient and a thermo-osmosis
flow was driven. This local heating technique finds various
applications, such as photothermal cancer therapy and
manipulation of micron-sized objects and nanoparticles.35

Especially, we explore what would happen when the sym-
metrical temperature gradients are broken, which is achieved
by controlling the location of the heated region. Are there any
new phenomena or properties? The answer is definitely
positive. Molecular dynamics simulation reveals two significant
phenomena, including the formation of steady multiple
convective layers in the nanochannel, and a net fluid transport
from one reservoir to another even without temperature
difference between the reservoirs. The physical mechanisms
that govern these phenomena are investigated. We focus on the
role of slip length on the amplification of the velocity field. The
influence of liquid-wall interaction, the height of the channel,
and heating on the directions and rates of fluid transport are
also considered. Finally, we demonstrate several possible
applications for the observed phenomena.
Here, we present briefly the simulation setup. The details

can be found in the Supporting Information. All the
simulations have been performed with the LAMMPS pack-
age.36 The interaction among the particles are described by
Lennard-Jones (LJ) potentials
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where r is the distance between particles, and ε and σ are
energy and length parameters, respectively. A spring force is
applied to each solid particle to tether it to its initial position to
prevent melting. To construct the system, a nanochannel is
connected by two liquid reservoirs, Figure 1. The system is first

run under the NVT ensemble at T = 0.85ε/kb. Then the
temperature in the heated region is increased to achieve a local
heating. The Nose-Hoover thermostat is used. The liquid
between the heated region and the reservoirs, and the walls are
run under the NVE ensemble. We have confirmed that the
choice of different thermostatting methods has little influence
on the results. The details can be found in the Supporting
Information.

Before the simulation, the effect of liquid-wall energy on
wetting behavior is evaluated to determine the rough range of
εliquid‑wall in order to cover both hydrophobic and hydrophilic
conditions. As shown in Figure S1, a liquid droplet, including
4000 particles, is laid on a solid surface at T = 0.85ε/kb. The
simulation details can be found in the Supporting Information.
The formed contact angles θ vary with εliquid‑wall, as shown in
Figure S2.
A hydrophobic nanochannel is considered first by adopting

εliquid‑wall as 0.3ε (θ ∼ 115°). The fluid transport is studied by
changing the locations of the heated region in the nano-
channel. The number variations of liquid particles in the right
reservoir ΔN are recorded, as shown in Figure 2a. The average

rate of net fluid transport va can be deduced form the linear fit
of the time-dependent variation of the number of the particles

ρ
= = Δ

Δ
v

Q
S

N
S ta

(2)

where Q is the volume flow rate, S is the cross-section area of
the nanochannel, and ρ is the liquid density. The predicted

Figure 1. Snapshot of the system used in MD simulations.

Figure 2. (a) Number variations of liquid particles in right reservoir
ΔN as a function of time. Solid lines represent the MD results and
dashed lines represent the linear fit used to compute the rates of net
fluids transport Q/S according to eq 2. (b) Rates of net fluids
transport Q/S as a function of locations of heated region. Here, Δx
means the distance that heated region is shifted from the center to the
left. Error bars represent the standard deviation of eight independent
simulations.
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results are shown in Figure 2b. When the heated region is
located in the center of the nanochannel, that is, Δx = 0σ, fluid
transport is hardly observed. When the heated region moves
leftwards for a certain distance, that is, Δx = 2.7σ, 5.4σ, and
8.2σ, a continuous net fluid transport from the left reservoir to
the right emerges and increases with increases of Δx.
To reveal the physical mechanism of the flow, the velocity

field in the nanochannel for the case of Δx = 0σ is investigated,
as shown in Figure 3b. The velocity field can be divided into
multiple convective layers: the outer layers (near the wall
surfaces), the middle layer, and the inner layer (far from the
wall surfaces). Because the velocity field is symmetrical, only a
quarter part is marked. In the outer layers, the velocity is
controlled by thermo-osmosis. The velocity asymptotically
decreases to zero in the middle layer. The velocity field
direction inverts in the inner layer. The formed convective
layers are assumed to depend on the extent of thermo-osmosis.
Derjaguin related the thermo-osmotic velocity vt to the
interfacial excess enthalpy based on Onsager reciprocal
relations using linear nonequilibrium thermodynamics37

∫β
η

= ∇ = − Δ ∇
v

T
T

H y y
T
T

1
y ( )dt

h

12 0

/2

(3)

where β12 is the thermo-osmosis coefficient, which character-
izes the flow of fluid due to the temperature gradient ∇T. η is
the viscosity, y is the distance to the surface, y = 0 the position
of the first liquid layer, h is the height of the nanochannel, and
ΔH is the excess of specific enthalpy as compared to the bulk.
The constant bulk viscosity η is used in this work, which has

been estimated using the Green−Kubo formula38

∫η = ⟨ ⟩V
k T

p t p t( ) (0) d
t

xy xy
b 0 (4)

The simulation details and results can be found in the
Supporting Information.
The local specific enthalpy H can be estimated by28

ρ= [ + ]H y u y p y y( ) ( ) ( ) ( )i i
x

(5)

where ui is the energy per particle, including kinetic and
potential energy, pi

x is the atom-based virial expression for

Figure 3. Two-dimensional plots of pressure distributions and velocity fields for (a,b) Δx = 0σ, (c,d) Δx = 2.7σ, (e,f) Δx = 5.4σ, and (g,h) Δx =
8.2σ, when εliquid‑wall = 0.3ε, Δt = 0.4ε/kb, and h = 14.96σ.
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pressure in the x-direction, and ρ is the local density. The
stress tensor for each atom can be estimated39

∑= + +
=

p mv v r F r F
1
2

( )ab a b
n

N

a b a b
1

1 1 2 2
(6)

where subscripts of a and b take on values x, y, z to generate
components of the tensor, r1 and r2 are the positions of the two
atoms in the pairwise interaction, and F1 and F2 are the forces
on the two atoms resulting from the pairwise interaction. The
first term is the kinetic energy contribution and the second
term is the virial contribution due to intra- and intermolecular
interactions. It should be noted that eq 6 may be not accurate
for a confined liquid. A more accurate expression has been
provided by Todd et al.40 Here, the reliability of using eq 6 to
calculate the enthalpy H has been well verified by Ganti et
at.28,41 and confirmed further by Fu et al.29 In addition, Ganti
et al. have confirmed that eq 6 provides qualitative results in
the diffuse layer and accurate quantitative results out of the
diffuse layer.41 Accordingly, eq 6 is appropriate for the
qualitative analysis of the pressure.
Figure 4a shows the excess specific enthalpy as a function of

the distance to surface for different liquid-wall interaction
energies, and Figure 4b shows the results of β12 as a function of
liquid-wall interaction energy. For relatively weak liquid-wall
interaction energy (εliquid‑wall < 0.5ε), ΔH > 0 leading to a
negative β12, and the fluid moves toward the cold side, as
shown in outer layers in Figure 3b. The fluid moves out of the

nanochannel from the outer layers “back to back”, which
causes a lower pressure inside the nanochannel, as shown in
the black circles in Figure 3a. Then the fluid is driven by the
caused pressure difference swarming back into the nano-
channel from the inner layers, as shown in the inner layers in
Figure 3b. Accordingly, multiple convective layers with inverse
directions are formed.
When the heated region is in the center, the quantities of

thermo-osmotic flows into and backflows out of the left (or
right) reservoir are equal. Therefore, no net fluid transport is
observed. When the heated region moves leftwards, the caused
pressure differences between the inner layers and reservoirs
hardly changes, as shown by the pressure distributions in
Figure 3. But the pressure gradient in the left inner layer region
increases and that in the right decreases, which results in the
corresponding enhancement of backflow velocity on the left
side and reduction in the right, respectively, as shown in the
velocity fields in Figure 3. In particular, the velocity of backflow
in the right inner layer decreases to almost zero, Figure 3h. It is
expected to be inverted when the heated region moves
leftwards further. As a result, a net unidirectional fluid
transport emerges. For such fluid transport, different rates
can be achieved by tuning the location of the heated region,
and the direction can be controlled by moving the heated
region leftwards or rightwards.
With the heated region moving left, the temperature

gradients in the left side of the heated region become stronger
than in the right side, as shown in Figure S9b. Importantly, the
net flow is dominated by the pressure gradient difference. The
temperature gradients play a minor role in the net flow.
Otherwise, the net flow would have been leftward when the
heated region moved leftward, consistent with the direction of
the larger thermo-osmosis velocity. However, the net flow is
rightward.
Using Δx = 5.4σ, the effect of liquid-wall interaction energy

is studied by tuning εliquid‑wall from 0.1ε to 1.0ε. Figure 5a plots
the fluid transport as a function of εliquid‑wall. The result reveals
two significant features. First, the directions of fluid transport
change for strong liquid-wall interaction (εliquid‑wall > 0.5ε).
Second, the rates are strongly enhanced for relatively weak
liquid-wall interaction.
To understand the first feature, the velocity field and

pressure distribution for the case of εliquid‑wall = 1.0ε are plotted
in Figure S8. For εliquid‑wall = 1.0ε, ΔH > 0 leading to a negative
β12 as shown in Figure 4, and the fluid should move toward hot
sides in the outer layers “face to face”, as shown in Figure S8b.
The fluid moves into the nanochannel from the outer layers.
This induces a higher pressure inside the nanochannel, as
shown in the black circle in Figure S8a. Then the fluid in the
inner layers move out of the nanochannel driven by the
induced pressure gradients, as shown in Figure S8b. When the
location of the heated region is on the left, the pressure
gradient increases in the left inner layer and decreases in the
right, which causes the corresponding enhancement of fluid
quantity into the left reservoir and reduction into the right
reservoir. It finally induces a net fluid transport leftwards and
thus, the flow direction changes.
The second feature is assumed to be ascribed to the

hydrodynamic slip velocity on the wall surfaces. In fact, the
maximum velocity in Figure 3f is about 3 times larger than that
in Figure S8b. The amplification of the velocity field should be
responsible for the enhanced net fluid transport. However, the
values of β12 for the above cases, that is, εliquid‑wall = 0.3ε and

Figure 4. (a) Excess specific enthalpy distribution ΔH as a function of
the distance to the solid surface for different liquid-wall interaction
energy εliquid‑wall. (b) Thermo-osmotic coefficient without slip length
β12 (black labels) and with slip length β12

slip (red labels) as a function of
liquid-wall interaction energy. Error bars represent the standard
deviation of eight independent simulations.
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1.0ε, are −2.0σ2/τ and 1.9σ2/τ, respectively. They are very
close and cannot account for the velocity amplification. Hence,
the slip length must be considered. Equatioin 3 can be
rewritten as29

∫β
η

= ∇ = − + Δ ∇
v

T
T

y b H y y
T

T
1

( ) ( )d
h

t 12
slip

0

/2

(7)

where b is the slip length, and β12
slip is the thermo-osmotic

coefficient with the possible effect of slip length. The slip
length b can be related to the interfacial friction coefficient λ42

η
λ

=b
(8)

The friction coefficient λ is related with the equilibrium
fluctuations of the friction force in terms of a Green−Kubo
relationship43

∫λ = ⟨ ⟩
Ak T

F t F t
1

( ) (0) d
t

i i
b 0 (9)

where A is the contact area, Fi(t) is the total tangential force
parallel to the wall surface. We performed another equilibrium
MD simulation to estimate the friction coefficient. The
simulation details and results can be found in the Supporting
Information. The results of corrected β12

slip are presented in
Figure 4b. The data show that the thermo-osmotic coefficient
can be significantly enhanced for the weak liquid-wall
interaction energy. Such massive enhancement of the
thermo-osmotic slip coefficient due to the hydrodynamic slip
velocity has also been reported by Fu et al.29 The slip velocity
has also been found to play a critical role in the performance of
diffusio-osmosis,44 electro-osmosis,45 and rapid fluid transport
through nanomaterials such as carbon nanotubes.46

Other than the location of the heated region and surface
energy, we also investigate the effect of heating temperature
and the height of the nanochannel for the purpose of meeting
requirements of practical applications through tuning these
parameters. The simulation results are depicted in Figure 5b,c.
When the height of the nanochannel is too small, the interfacial
layers in the upper and bottom walls may overlap. The
situation may become far complex and counterintuitive.47,48

We do not consider this extremely confined situation. Hence,
the minimum of the height is chosen as 12σ, larger than twice
the thickness of the interfacial layer, to avoid the overlap. It is
seen that the fluid transport rates per unit cross area of the
nanochannel decrease as the height of the nanochannel
increases. The relation between the rate of fluid transport
and the temperature difference is almost logarithmic. This
dependence is referred to as “log-sensing”,25 which enriches
the methods of manipulating fluid in the context of thermo-
osmosis. We have confirmed that fluid transport also can be
achieved with cooling a certain region, which is not reported
here.
Several potential applications of the proposed system can be

deduced from the previously mentioned results. One
application is for the chip-level cooling. The heat generated
by the chips can be employed to produce asymmetric
temperature gradients in the channels through proper
configurations. The coolant liquids can be circulated without
extra pumps. It saves the cost of energy, space, production, and
maintenance of the pump machines, well in favor of the trend
for miniaturization of electronic devices. Another application is
to promote the mixing of matter in cases demanding rapid
mixing. In nanofluidics, the flows are laminar due to a very low
Reynolds number. The mixing without turbulent eddies
depends purely on diffusive processes, which take unacceptably
long times. The formed multiple convective layers, as shown in
Figure 3b, provide a strategy to enhance the mixing.
In summary, our study has shown novel results for

controlled thermo-osmosis flow in localized heated nano-
channels. When a particular region is heated near the wall
surfaces, multiple convective layers are formed. The flow is
driven by thermo-osmosis “back to back” for relatively weak
liquid-wall interaction and “face to face” for strong liquid-wall
interaction, causing a pressure gradient in the channel by
which fluid flows into or out of the nanochannel. Specifically,
when the heated region is in the center of the nanochannel, the
pressure gradients in the left and right ends are comparable,
and no net fluid transport occurs. When the heated region is
not in the center, a net fluid transport occurs where fluid is

Figure 5. (a) Rates of net fluid transport Q/S as functions of liquid-
wall interaction energies εliquid‑wall for Δx = 5.4σ, Δt = 0.4ε/kb, and h =
14.96σ. Rates of net fluid transport as functions of (b) heights of
nanochannels h for Δt = 0.4ε/kb, and (c) heating temperature Δt for
h = 14.96σ, when εliquid‑wall = 0.3ε and Δx = 5.4σ. The error bars
represent the standard deviation of eight independent simulations.
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pumped continuously from one reservoir to another. These
results provide guidance for development of future experiments
and suggest an alternative approach for manipulation of
nanofluidic devices in a precise and noncontact way.
Particularly, our finding is promising for chip-level cooling
where the heat generated by the chips can be employed to
produce asymmetric temperature gradients in the channels
through proper configurations. The coolant liquids can thus be
circulated without extra pumps.
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