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surface effects

Blue energy 

➢ Electricity from salinity gradients

Waste heat harvesting

➢ Electricity from thermal gradients

Nanofluidics: 
fluidic transport (hydrodynamic, electrical, ionic, thermal…) in nanoconfined fluids



Electrokinetic effects 3

Response matrix

Underlying mechanisms?  → surfaces

Onsager reciprocal relations:

Coupling between different types of transport at surfaces: 
hydrodynamic, electrical, compositional, thermal…

Mij = Mji

Herrero, Allemand, Merabia, Biance, Joly, arXiv preprint 2022

D

e.g. electrical double layer (EDL)

in aqueous electrolytes at room temperature 

Debye length D ~ 0.3 to 30 nm

Interaction layer → surface excesses

The interaction layer couples different types of transport



Osmotic flows 4

Generic framework?

with C. Herrero, A. Allemand, S. Merabia, A.-L. Biance

Mij = Mji



Osmotic velocity over a planar wall 5

Low-Reynolds hydrodynamics: Stokes equation
Newtonian incompressible liquid with homogeneous viscosity
Force density f(z) close to the wall (e.g. electric force for EO)

Hydrodynamic boundary condition: 

Velocity far from the wall: 

From now on: focus on slipping surfaces 

stagnant layer slip

stagnant layer slip

Derjaguin, Churaev, Muller, in Surface Forces
Anderson, Annu. Rev. Fluid Mech. 1989



Electro-osmosis 6

Force density: 

with

Huang et al., PRL 2007, Langmuir 2008
Herrero, Allemand, Merabia, Biance, Joly, arXiv preprint 2022

atomistic simulations

with e the free charge density



Diffusio-osmosis 7

Liu, Ganti, Frenkel, J. Phys. Cond. Mat. 2018
Herrero, Allemand, Merabia, Biance, Joly, arXiv preprint 2022

Force density: Local thermal equilibrium -> Gibbs-Duhem relation 

E.g.: solution of B in A

Example of application: 
predicting DDO of NaI on graphene and BN from ab initio MD 

Joly, Meißner, Iannuzzi, Tocci, ACS Nano 2021



Thermo-osmosis 8

Local thermal equilibrium: Gibbs-Duhem relation 

Thermo-osmotic coefficient

with L. Fu, C. Herrero, M. De San Féliciano, M. Ouadfel, S. Merabia

s entropy excess density
h enthalpy excess density

Ganti, Liu, Frenkel, PRL  2017, PRL 2018

Derjaguin, Churaev, Muller, in Surface Forces
Fu, Merabia, Joly, PRL 2017



Thermo-osmosis: aqueous electrolyte 9

Standard description: 
Water contribution neglected, ion contribution purely from ES origin, ion distribution from 
Poisson-Boltzmann framework

MD simulations: 

Modified PB (ion depletion)

Derjaguin, Churaev, Muller, in Surface Forces

Herrero, De San Féliciano, Merabia, Joly, Nanoscale 2022

Rich phenomenology due to the competition between these 2 terms

Herrero, Joly, Poisson-Boltzmann formulary, arXiv:2105.00720
NOW WITH: thermodynamics of the EDL, osmotic flows in the PB framework…



Predicting thermo-osmosis from MD 10

Ouadfel, Merabia, Yamaguchi, Joly, Molecular Physics 2024

Is Derjaguin’s framework applicable at the nanoscale?

➢ Enthalpy excess route
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framework39. One can then rewrite M t o,r T as:

M t o,r T = −
vt o,r T

r T/ T
(12)

=
1

⌘

Z 1

0

(z + b)δh(z)dz (13)

=
∆ H

⌘
(λh + b), (14)

where

λh =
1

∆ H

Z 1

0

zδh(z)dz (15)

denotes the extent of the layer where the liquid interacts
with the wall, and is around 7Å30. Thus, M t o can be
est imated by comput ing ∆ H at equilibrium, ⌘, and b.

Another mean of comput ing the thermo-osmot ic coef-
ficient is to calculate the ent ropy excess generated by the
interact ions between the liquid and the surface. Indeed
one can relate the enthalpy excess to the entropy excess.
Int roducing µi , the chemical potent ial of the species i ,
and si , the ent ropy per part icle of the species i , one can
use the relat ion µi = hi − Tsi and the fact that µi and
T are homogeneous along z to show that 20:

δh(z) = Tδs(z), (16)

with the entropy excess density defined as:

δs(z) =
X

i

n i (z)[si (z) − sbulk
i ]. (17)

The ent ropy excess thus writes:

∆ S =

Z 1

0

δs(z)dz, (18)

and it follows that

∆ H = T∆ S. (19)

Therefore, one can write:

M t o =
T∆ S

⌘
(b+ λh ). (20)

One can relate this result to the flow generated by a
Marangoni st ress. Indeed, the Marangoni st ress can be
writ ten as a funct ion of the enthalpy excess (and thus the
ent ropy excess)23:

r γ =

✓
@γ

@T

◆

P

r T = − ∆ H
r T

T
= − ∆ Sr T, (21)

and the osmot ic velocity becomes

vt o =
r γ

⌘
(λh + b). (22)

This result illust rates an equivalence between Marangoni
and thermo-osmot ic flows. On low frict ion surfaceswhere
λh ⌧ b, the velocity scales as ⇠ r γ b/⌘, which is remi-
niscent of the scaling law of the Marangoni flow for su-
perhydrophobic surfaces40.
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FIG. 1. Comparison of the cont ribut ions of the thermal
and permit t ivity gradients to thermo-osmosis in the Poisson-

Boltzmann theory for a polarized graphene surface.

III. M ETHODS

A. Systems and force field

We computed the thermo-osmot ic coefficient of an
aqueous elect rolyte confined between graphit ic walls us-
ing MD with the LAMMPS package41. We used sodium
chloride (NaCl) as the salt , with a bulk concent rat ion
n0 ⇠ 0.3M, corresponding to a Debye length λD ⇠
5.7Å. We simulated the aqueous elect rolyte using the
Madrid-2019 force field42, based on TIP4P/ 200543, a
rigid nonpolarizable water model, and scaled charged
for the ions, |qNa| = |qCl | = 0.85e. The walls were
kept frozen. For water-graphene interact ions, we took
the parameters from Ref. 44, "CO = 0.114kcal/ mol and
σCO = 3.28Å, where C and O correspond to the carbon
and oxygen atoms, respect ively. To assess our theoret i-
cal predict ions, we also considered graphene-like surfaces
with di↵erent wet t ing propert ies, which was achieved by
modifying "CO . We applied Lorentz-Berthelot mixing
rules to set the carbon-ions interact ion parameters. We
t runcated the LJ interact ions as well as the Coulombic
interact ions at 10Å. For the Coulombic interact ions, we
used the part icle-part icle part icle-mesh (PPPM) solver
for long-range correct ions, with a relat ive error in forces
of 10− 4. We used periodic boundary condit ions along the
x and y direct ions.

We replicated the experimental st ructure of graphene,
with an inter-atomic distance of 1.42 Å45. To study the
impact of surface defects on thermo-osmot ic flows, we
considered two types of graphene surfaces (Fig. 2): pris-
t ine graphene (PG) and graphene oxide (GO). We mod-
eled GO by randomly dist ribut ing hydroxyl groupson the
surface, with various oxidat ion rates⇠= NO / NC , where
NO and NC are thenumber of hydroxyl and carbon atoms
on the surface, respect ively. This approach aligns with
established methodologies in previous MD papers46–48.
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5.7Å. We simulated the aqueous electrolyte using the
Madrid-2019 force field42, based on TIP4P/ 200543, a
rigid nonpolarizable water model, and scaled charged
for the ions, |qNa| = |qCl | = 0.85e. The walls were
kept frozen. For water-graphene interact ions, we took
the parameters from Ref. 44, "CO = 0.114kcal/ mol and
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est imated by comput ing ∆ H at equilibrium, ⌘, and b.

Another mean of comput ing the thermo-osmot ic coef-
ficient is to calculate the entropy excess generated by the
interact ions between the liquid and the surface. Indeed
one can relate the enthalpy excess to the entropy excess.
Int roducing µi , the chemical potent ial of the species i ,
and si , the entropy per part icle of the species i , one can
use the relat ion µi = hi − Tsi and the fact that µi and
T are homogeneous along z to show that20:

δh(z) = Tδs(z), (16)

with the entropy excess density defined as:

δs(z) =
X

i

ni (z)[si (z) − sbulk
i ]. (17)

The entropy excess thus writes:

∆ S =

Z 1

0

δs(z)dz, (18)

and it follows that

∆H = T∆ S. (19)

Therefore, one can write:

M t o =
T∆ S

⌘
(b+ λh). (20)

One can relate this result to the flow generated by a
Marangoni stress. Indeed, the Marangoni st ress can be
writ ten as a funct ion of theenthalpy excess (and thus the
entropy excess)23:

r γ =

✓
@γ

@T

◆

P

r T = − ∆ H
r T

T
= − ∆ Sr T, (21)

and the osmot ic velocity becomes

vt o =
r γ

⌘
(λh + b). (22)

This result illust rates an equivalence between Marangoni
and thermo-osmot ic flows. On low frict ion surfaceswhere
λh ⌧ b, the velocity scales as ⇠ r γ b/⌘, which is remi-
niscent of the scaling law of the Marangoni flow for su-
perhydrophobic surfaces40.

− 50 − 25 0 25 50

Σ (mC/ m2)

− 0.4

− 0.3

− 0.2

− 0.1

0.0

M
to

(×
10

−
7

m
2
/s

)

M PB
to,r ε

M PB
to,r T/ T

FIG. 1. Comparison of the cont ribut ions of the thermal
and permit t ivity gradients to thermo-osmosis in the Poisson-

Boltzmann theory for a polarized graphene surface.

III. METHODS

A. Systems and force field

We computed the thermo-osmot ic coefficient of an
aqueous elect rolyte confined between graphit ic walls us-
ing MD with the LAMMPS package41. We used sodium
chloride (NaCl) as the salt , with a bulk concentrat ion
n0 ⇠ 0.3M, corresponding to a Debye length λD ⇠
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interact ions at 10Å. For the Coulombic interact ions, we
used the part icle-part icle part icle-mesh (PPPM) solver
for long-range correct ions, with a relat ive error in forces
of 10− 4. We used periodic boundary condit ions along the
x and y direct ions.

We replicated the experimental st ructure of graphene,
with an inter-atomic distance of 1.42 Å45. To study the
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~ 7 Åwith

Comparing Derjaguin’s approach and direct non-equilibrium measurements
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⌘
(λh + b). (22)

This result illust rates an equivalence between Marangoni
and thermo-osmot ic flows. On low frict ion surfaceswhere
λh ⌧ b, the velocity scales as ⇠ r γ b/⌘, which is remi-
niscent of the scaling law of the Marangoni flow for su-
perhydrophobic surfaces40.
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FIG. 1. Comparison of the cont ribut ions of the thermal
and permit t ivity gradients to thermo-osmosis in the Poisson-

Boltzmann theory for a polarized graphene surface.

III. M ETHODS

A. Systems and force field

We computed the thermo-osmot ic coefficient of an
aqueous elect rolyte confined between graphit ic walls us-
ing MD with the LAMMPS package41. We used sodium
chloride (NaCl) as the salt , with a bulk concent rat ion
n0 ⇠ 0.3M, corresponding to a Debye length λD ⇠
5.7Å. We simulated the aqueous elect rolyte using the
Madrid-2019 force field42, based on TIP4P/ 200543, a
rigid nonpolarizable water model, and scaled charged
for the ions, |qNa| = |qCl | = 0.85e. The walls were
kept frozen. For water-graphene interact ions, we took
the parameters from Ref. 44, "CO = 0.114kcal/ mol and
σCO = 3.28Å, where C and O correspond to the carbon
and oxygen atoms, respect ively. To assess our theoret i-
cal predict ions, we also considered graphene-like surfaces
with di↵erent wet t ing propert ies, which was achieved by
modifying "CO . We applied Lorentz-Berthelot mixing
rules to set the carbon-ions interact ion parameters. We
t runcated the LJ interact ions as well as the Coulombic
interact ions at 10Å. For the Coulombic interact ions, we
used the part icle-part icle part icle-mesh (PPPM) solver
for long-range correct ions, with a relat ive error in forces
of 10− 4. We used periodic boundary condit ions along the
x and y direct ions.

We replicated the experimental st ructure of graphene,
with an inter-atomic distance of 1.42 Å45. To study the
impact of surface defects on thermo-osmot ic flows, we
considered two types of graphene surfaces (Fig. 2): pris-
t ine graphene (PG) and graphene oxide (GO). We mod-
eled GO by randomly dist ribut ing hydroxyl groupson the
surface, with various oxidat ion rates⇠= NO / NC , where
NO and NC are thenumber of hydroxyl and carbon atoms
on the surface, respect ively. This approach aligns with
established methodologies in previous MD papers46–48.
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M t o,r T = −
vt o,r T
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(λh + b), (14)

where

λh =
1

∆H
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zδh(z)dz (15)

denotes the extent of the layer where the liquid interacts
with the wall, and is around 7Å30. Thus, M t o can be
est imated by comput ing ∆H at equilibrium, ⌘, and b.

Another mean of comput ing the thermo-osmot ic coef-
ficient is to calculate the entropy excess generated by the
interact ions between the liquid and the surface. Indeed
one can relate the enthalpy excess to the entropy excess.
Int roducing µi , the chemical potent ial of the species i ,
and si , the entropy per part icle of the species i , one can
use the relat ion µi = hi − Tsi and the fact that µi and
T are homogeneous along z to show that20:

δh(z) = Tδs(z), (16)

with the entropy excess density defined as:

δs(z) =
X

i

ni (z)[si (z) − sbulk
i ]. (17)

The entropy excess thus writes:

∆ S =

Z 1

0

δs(z)dz, (18)

and it follows that

∆H = T∆ S. (19)

Therefore, one can write:

M t o =
T∆ S

⌘
(b+ λh). (20)

One can relate this result to the flow generated by a
Marangoni stress. Indeed, the Marangoni st ress can be
writ ten as a funct ion of theenthalpy excess (and thus the
entropy excess)23:

r γ =
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◆

P

r T = −∆H
r T

T
= −∆ Sr T, (21)

and the osmot ic velocity becomes

vt o =
r γ

⌘
(λh + b). (22)

This result illust rates an equivalence between Marangoni
and thermo-osmot ic flows. On low frict ion surfaceswhere
λh ⌧ b, the velocity scales as ⇠ r γ b/⌘, which is remi-
niscent of the scaling law of the Marangoni flow for su-
perhydrophobic surfaces40.
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FIG. 1. Comparison of the cont ribut ions of the thermal
and permit t ivity gradients to thermo-osmosis in the Poisson-

Boltzmann theory for a polarized graphene surface.

III. METHODS

A. Systems and force field

We computed the thermo-osmot ic coefficient of an
aqueous elect rolyte confined between graphit ic walls us-
ing MD with the LAMMPS package41. We used sodium
chloride (NaCl) as the salt , with a bulk concentrat ion
n0 ⇠ 0.3M, corresponding to a Debye length λD ⇠
5.7Å. We simulated the aqueous electrolyte using the
Madrid-2019 force field42, based on TIP4P/ 200543, a
rigid nonpolarizable water model, and scaled charged
for the ions, |qNa| = |qCl | = 0.85e. The walls were
kept frozen. For water-graphene interact ions, we took
the parameters from Ref. 44, "CO = 0.114kcal/ mol and
σCO = 3.28Å, where C and O correspond to the carbon
and oxygen atoms, respect ively. To assess our theoret i-
cal predict ions, we also considered graphene-like surfaces
with di↵erent wet t ing propert ies, which was achieved by
modifying "CO . We applied Lorentz-Berthelot mixing
rules to set the carbon-ions interact ion parameters. We
truncated the LJ interact ions as well as the Coulombic
interact ions at 10Å. For the Coulombic interact ions, we
used the part icle-part icle part icle-mesh (PPPM) solver
for long-range correct ions, with a relat ive error in forces
of 10− 4. We used periodic boundary condit ions along the
x and y direct ions.

We replicated the experimental st ructure of graphene,
with an inter-atomic distance of 1.42 Å45. To study the
impact of surface defects on thermo-osmot ic flows, we
considered two types of graphene surfaces (Fig. 2): pris-
t ine graphene (PG) and graphene oxide (GO). We mod-
eled GO by randomly distribut ing hydroxyl groupson the
surface, with various oxidat ion rates⇠= NO / NC , where
NO and NC arethenumber of hydroxyl and carbon atoms
on the surface, respect ively. This approach aligns with
established methodologies in previous MD papers46–48.
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framework39. One can then rewrite M t o,r T as:

M t o,r T = −
vt o,r T

r T/ T
(12)

=
1

⌘

Z 1

0

(z + b)δh(z)dz (13)

=
∆H

⌘
(λh + b), (14)

where

λh =
1

∆H

Z 1

0

zδh(z)dz (15)

denotes the extent of the layer where the liquid interacts
with the wall, and is around 7Å30. Thus, M t o can be
est imated by computing ∆H at equilibrium, ⌘, and b.

Another mean of computing the thermo-osmotic coef-
ficient is to calculate the entropy excess generated by the
interact ions between the liquid and the surface. Indeed
one can relate the enthalpy excess to the entropy excess.
Introducing µi , the chemical potent ial of the species i ,
and si , the entropy per part icle of the species i , one can
use the relat ion µi = hi − Tsi and the fact that µi and
T are homogeneous along z to show that20:

δh(z) = Tδs(z), (16)

with the entropy excess density defined as:

δs(z) =
X

i

ni (z)[si (z) − sbulk
i ]. (17)

The entropy excess thus writes:

∆S =

Z 1

0

δs(z)dz, (18)

and it follows that

∆H = T∆S. (19)

Therefore, one can write:

M t o =
T∆S

⌘
(b+ λh). (20)

One can relate this result to the flow generated by a
Marangoni stress. Indeed, the Marangoni stress can be
writ ten asa funct ion of theenthalpy excess(and thus the
entropy excess)23:

r γ =

✓
@γ

@T

◆

P

r T = −∆H
r T

T
= −∆Sr T, (21)

and the osmotic velocity becomes

vt o =
r γ

⌘
(λh + b). (22)

This result illustrates an equivalencebetween Marangoni
and thermo-osmotic flows. On low frict ion surfaceswhere
λh ⌧ b, the velocity scales as ⇠ r γ b/⌘, which is remi-
niscent of the scaling law of the Marangoni flow for su-
perhydrophobic surfaces40.
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FIG. 1. Comparison of the contribut ions of the thermal

and permit t ivity gradients to thermo-osmosis in the Poisson-
Boltzmann theory for a polarized graphene surface.

III. METHODS

A. Systems and force field

We computed the thermo-osmotic coefficient of an
aqueous electrolyte confined between graphit ic walls us-
ing MD with the LAMMPS package41. We used sodium
chloride (NaCl) as the salt , with a bulk concentrat ion
n0 ⇠ 0.3M, corresponding to a Debye length λD ⇠
5.7Å. We simulated the aqueous electrolyte using the
Madrid-2019 force field42, based on TIP4P/ 200543, a
rigid nonpolarizable water model, and scaled charged
for the ions, |qNa| = |qCl | = 0.85e. The walls were
kept frozen. For water-graphene interactions, we took
the parameters from Ref. 44, "CO = 0.114kcal/ mol and
σCO = 3.28Å, where C and O correspond to the carbon
and oxygen atoms, respectively. To assess our theoret i-
cal predict ions, we also considered graphene-like surfaces
with di↵erent wett ing propert ies, which was achieved by
modifying "CO . We applied Lorentz-Berthelot mixing
rules to set the carbon-ions interact ion parameters. We
truncated the LJ interactions as well as the Coulombic
interact ions at 10Å. For the Coulombic interact ions, we
used the part icle-part icle part icle-mesh (PPPM) solver
for long-range corrections, with a relat ive error in forces
of 10− 4. Weused periodic boundary condit ionsalong the
x and y direct ions.

We replicated the experimental structure of graphene,
with an inter-atomic distance of 1.42 Å45. To study the
impact of surface defects on thermo-osmotic flows, we
considered two types of graphene surfaces (Fig. 2): pris-
t ine graphene (PG) and graphene oxide (GO). We mod-
eled GO by randomly distributing hydroxyl groupson the
surface, with various oxidat ion rates⇠= NO /NC , where
NO and NC arethenumber of hydroxyl and carbon atoms
on the surface, respectively. This approach aligns with
established methodologies in previous MD papers46–48.
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M t o,r T = −
vt o,r T

r T/ T
(12)

=
1

⌘

Z 1

0

(z + b)δh(z)dz (13)

=
∆H

⌘
(λh + b), (14)

where

λh =
1

∆H

Z 1

0

zδh(z)dz (15)

denotes the extent of the layer where the liquid interacts
with the wall, and is around 7Å30. Thus, M t o can be
est imated by computing ∆H at equilibrium, ⌘, and b.

Another mean of computing the thermo-osmotic coef-
ficient is to calculate theentropy excess generated by the
interactions between the liquid and the surface. Indeed
one can relate the enthalpy excess to the entropy excess.
Introducing µi , the chemical potent ial of the species i ,
and si , the entropy per part icle of the species i , one can
use the relat ion µi = hi − Tsi and the fact that µi and
T are homogeneous along z to show that20:

δh(z) = Tδs(z), (16)

with the entropy excess density defined as:

δs(z) =
X

i

ni (z)[si (z) − sbulk
i ]. (17)

The entropy excess thus writes:

∆S =

Z 1

0

δs(z)dz, (18)

and it follows that

∆H = T∆S. (19)

Therefore, one can write:

M t o =
T∆S

⌘
(b+ λh). (20)

One can relate this result to the flow generated by a
Marangoni stress. Indeed, the Marangoni stress can be
writ ten asa function of theenthalpy excess (and thus the
entropy excess)23:

r γ =

✓
@γ

@T

◆

P

r T = −∆H
r T

T
= −∆Sr T, (21)

and the osmotic velocity becomes

vt o =
r γ

⌘
(λh + b). (22)

This result illustrates an equivalence between Marangoni
and thermo-osmotic flows. On low frict ion surfaceswhere
λh ⌧ b, the velocity scales as ⇠ r γ b/⌘, which is remi-
niscent of the scaling law of the Marangoni flow for su-
perhydrophobic surfaces40.
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FIG. 1. Comparison of the contribut ions of the thermal
and permit t ivity gradients to thermo-osmosis in the Poisson-

Boltzmann theory for a polarized graphene surface.

III. METHODS

A. Systems and force field

We computed the thermo-osmotic coefficient of an
aqueous electrolyte confined between graphit ic walls us-
ing MD with the LAMMPS package41. We used sodium
chloride (NaCl) as the salt , with a bulk concentrat ion
n0 ⇠ 0.3M, corresponding to a Debye length λD ⇠
5.7Å. We simulated the aqueous electrolyte using the
Madrid-2019 force field42, based on TIP4P/ 200543, a
rigid nonpolarizable water model, and scaled charged
for the ions, |qNa| = |qCl | = 0.85e. The walls were
kept frozen. For water-graphene interact ions, we took
the parameters from Ref. 44, "CO = 0.114kcal/ mol and
σCO = 3.28Å, where C and O correspond to the carbon
and oxygen atoms, respect ively. To assess our theoret i-
cal predict ions, we also considered graphene-like surfaces
with di↵erent wett ing propert ies, which was achieved by
modifying "CO . We applied Lorentz-Berthelot mixing
rules to set the carbon-ions interact ion parameters. We
truncated the LJ interact ions as well as the Coulombic
interactions at 10Å. For the Coulombic interact ions, we
used the part icle-part icle part icle-mesh (PPPM) solver
for long-range correct ions, with a relat ive error in forces
of 10− 4. Weused periodic boundary condit ionsalong the
x and y direct ions.

We replicated the experimental structure of graphene,
with an inter-atomic distance of 1.42 Å45. To study the
impact of surface defects on thermo-osmotic flows, we
considered two types of graphene surfaces (Fig. 2): pris-
t ine graphene (PG) and graphene oxide (GO). We mod-
eled GO by randomly distribut ing hydroxyl groupson the
surface, with various oxidat ion rates⇠= NO / NC , where
NO and NC arethenumber of hydroxyl and carbon atoms
on the surface, respect ively. This approach aligns with
established methodologies in previous MD papers46–48.
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M t o,r T = −
vt o,r T

r T/ T
(12)

=
1

⌘

Z 1

0

(z + b)δh(z)dz (13)

=
∆H

⌘
(λh + b), (14)

where

λh =
1

∆H

Z 1

0

zδh(z)dz (15)

denotes the extent of the layer where the liquid interacts
with the wall, and is around 7Å30. Thus, M t o can be
estimated by computing ∆H at equilibrium, ⌘, and b.

Another mean of computing the thermo-osmotic coef-
ficient is to calculate theentropy excess generated by the
interact ions between the liquid and the surface. Indeed
one can relate the enthalpy excess to the entropy excess.
Introducing µi , the chemical potential of the species i ,
and si , the entropy per part icle of the species i , one can
use the relat ion µi = hi − Tsi and the fact that µi and
T are homogeneous along z to show that20:

δh(z) = Tδs(z), (16)

with the entropy excess density defined as:

δs(z) =
X

i

ni (z)[si (z) − sbulk
i ]. (17)

The entropy excess thus writes:

∆S =

Z 1

0

δs(z)dz, (18)

and it follows that

∆H = T∆S. (19)

Therefore, one can write:

M t o =
T∆S

⌘
(b+ λh). (20)

One can relate this result to the flow generated by a
Marangoni stress. Indeed, the Marangoni stress can be
writ ten asa function of theenthalpy excess(and thus the
entropy excess)23:

r γ =

✓
@γ

@T

◆

P

r T = −∆H
r T

T
= −∆Sr T, (21)

and the osmotic velocity becomes

vt o =
r γ

⌘
(λh + b). (22)

This result illustratesan equivalencebetween Marangoni
and thermo-osmotic flows. On low frict ion surfaceswhere
λh ⌧ b, the velocity scales as ⇠ r γ b/⌘, which is remi-
niscent of the scaling law of the Marangoni flow for su-
perhydrophobic surfaces40.
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FIG. 1. Comparison of the contribut ions of the thermal
and permitt ivity gradients to thermo-osmosis in the Poisson-

Boltzmann theory for a polarized graphene surface.

III. METHODS

A. Systems and force field

We computed the thermo-osmot ic coefficient of an
aqueous electrolyte confined between graphit ic walls us-
ing MD with the LAMMPS package41. We used sodium
chloride (NaCl) as the salt, with a bulk concentrat ion
n0 ⇠ 0.3M, corresponding to a Debye length λD ⇠
5.7Å. We simulated the aqueous electrolyte using the
Madrid-2019 force field42, based on TIP4P/ 200543, a
rigid nonpolarizable water model, and scaled charged
for the ions, |qNa| = |qCl | = 0.85e. The walls were
kept frozen. For water-graphene interact ions, we took
the parameters from Ref. 44, "CO = 0.114kcal/ mol and
σCO = 3.28Å, where C and O correspond to the carbon
and oxygen atoms, respect ively. To assess our theoret i-
cal predict ions, wealso considered graphene-likesurfaces
with di↵erent wetting propert ies, which was achieved by
modifying "CO . We applied Lorentz-Berthelot mixing
rules to set the carbon-ions interaction parameters. We
truncated the LJ interact ions as well as the Coulombic
interact ions at 10Å. For the Coulombic interact ions, we
used the part icle-part icle particle-mesh (PPPM) solver
for long-range correct ions, with a relat ive error in forces
of 10− 4. Weused periodic boundary condit ionsalong the
x and y directions.

We replicated the experimental structure of graphene,
with an inter-atomic distance of 1.42 Å45. To study the
impact of surface defects on thermo-osmotic flows, we
considered two types of graphene surfaces (Fig. 2): pris-
t ine graphene (PG) and graphene oxide (GO). We mod-
eled GO by randomly distribut inghydroxyl groupson the
surface, with various oxidat ion rates⇠= NO /NC , where
NO and NC arethenumber of hydroxyl and carbon atoms
on the surface, respectively. This approach aligns with
established methodologies in previous MD papers46–48.
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FIG. 2. Di↵erent types of graphit ic surfaces considered: a

neut ral prist ine graphene (PG) surface (a), a polarized PG
surface (b), a neut ral graphene oxide (GO) surface (c), and an

elect rically charged GO surface, for which the hydrogen from
the hydroxyl groups are removed to create charged groups

(d). The snapshots were produced with the software Ovito51 .

The interact ion parameters for these hydroxyl groups
were based on the phenol parameters within the all-atom
opt imized potent ials for liquid simulat ion (OPLS-AA)
force field49.

The graphene sheets were either kept neutral or
charged. To charge the PG surface uniformly, we as-
signed thesamechargeto all carbon atomsq = ⌃S/ Nwal l ,
where S is the surface area of the sheet, and Nwal l is the
number of carbon atoms, result ing in a surface charge
density ⌃ . To charge the GO, we remove the hydro-
gen atoms from the hydroxyl groups. In pract ice, this
was achieved by set t ing the charge of the carbon, oxygen
and hydrogen of the hydroxyl groups to qCp h en o l

= 0e,
qOp h en o l

= − 0.85e and qH p h en o l
= 0e, respect ively, to

match the rescaled charge of the ions. Counter-ions were
added to the system to keep it elect rically neut ral.

In all simulat ions, we froze the bot tom surface. We
used the top surface as a piston during an equilibrat ion
phase that lasted 1ns, before fixing it at its equilibrium
posit ion to set the pressure to 1atm, for all simulat ions
except the DSM (see details of DSM simulat ions in Sec-
t ion I I I C).

For the systems with a temperature gradient , we used
a NVE t ime integrat ion, and fixed the fluid temperature
at 280 and 360K for the cold and hot region, respec-
t ively, via a canonical sampling thermostat that uses
global velocity rescaling with Hamiltonian dynamics50,
applied in the y and z direct ions, following a previous
thermo-osmosis study24, with a damping t ime of 200fs.
The mean temperature was 320K. For other systems, we
used a Nośe-Hoover thermostat to set the temperature to
320K with a damping t ime of 200fs. For all simulat ions,
the t imestep was 2fs.

B. Enthalpy excess route

To assess the predict ions of Derjaguin’s theory, we cal-
culated the thermo-osmot ic coefficient using Eq. (14). To
this end, we computed the enthalpy excess by following
the procedure described in Ref. 30, with a system com-
posed of 1500 water molecules and 9 pairs of ions, con-
fined between graphene walls of dimensions L x ⇠ 34Å
and L y ⇠ 26Å, for a separat ion between the walls of

approximately 50Å. The enthalpy excess density is com-
puted with Eq. (10), in which the enthalpy per part icle
is defined as30:

hi (z) = ui (z) +
pk (z)

nt ot (z)
, (23)

with ui the internal energy of species i , nt ot the total
number density, and pk = px x = pyy the components of
the virial pressure tensor parallel to the surface. Indeed,
the pressure is anisot ropic near the surface, and one must
consider the parallel components of the pressure tensor
to compute the enthalpy density20,24.

We also calculated the slip length for these systems.
The slip length is defined as52:

b =
⌘

λ
, (24)

where ⌘is the viscosity of the bulk liquid, and λ is
the solid-liquid frict ion coefficient . One way to compute
these quant it ies is to use Green-Kubo formulas, at equi-
librium. The Green-Kubo relat ion for the viscosity is53:

⌘=
V

kB T

Z 1

0

hp↵ β (t)p↵ β (0)i dt, (25)

with V the volume of the simulat ion box, and p↵ β the
independent components of the traceless pressure tensor.
Similarly, the frict ion coefficient is calculated at equilib-
rium using52:

λ =
1

AkB T

Z 1

0

hF↵ (t)F↵ (0)i dt, (26)

where A is the wall surface and F is the force act ing on
the wall along the ↵ direct ion, ↵ = x, y.

One can also compute the slip length using NEMD
simulat ions and the Navier boundary condit ion54,55:

b =
vs

γ̇
, (27)

where γ̇ is the bulk shear rate and vs is the slip velocity,
defined as thedi↵erencebetween thewall velocity and the
velocity of the fluid at the posit ion of the hydrodynamic
wall, given by γ̇h/ 2, where h, the hydrodynamic height
of the liquid, is given by56:

h =
M

⇢bulk A
, (28)

with M the total mass of the fluid and ⇢bulk the bulk
massdensity. To compute thosequant it ies, wemoved the
walls in opposite parallel direct ions, at a constant speed
Vx 2 [10, 50] m/ s, generat ing a linear velocity profile far
from the wall. We verified that the result ing quant it ies
remained in the linear response regime.
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FIG. 5. Thermo-osmot ic coefficient of a prist ine graphene-
like surface with varying wet t ing propert ies, as a funct ion of

the contact angle. In figure a), the blue squares represent the
values of the NEMD simulat ions, wherein a flow is generated

by applying a thermal gradient along the interface (Eq. 42).
The orange circles represent the curve generated by the com-

putat ion of the enthalpy excess and the slip length, following
Derjaguin’s approach (Eq. 14). The green t riangles represent

the result s of the computat ion of the ent ropy excess through
the dry-surface method (DSM) (Eq. 20). Panel b) represents

the slip length. Panel c) represents the enthalpy excess (or-
ange circles) and the ent ropy excess (green t riangles).

removing the charge of the wall, leading to non-neutral
systems. In contrast , both NEMD and ∆ H route can be
used on charged surfaces, and provide consistent results
(Fig. 6).

Returning to the NEMD computat ion, the agreement
between this method and the methods based on the com-
putat ion of the enthalpy and the entropy excess tends
to confirm the validity of Derjaguin’s approach to com-
pute the thermo-osmot ic coefficient for smooth surfaces.
NEMD is comparable to enthalpy excess computat ion in
terms of computat ional t ime while being much more pre-
cise. On theother hand, it requiresfinding a TOI surface,
i .e., comput ing the enthalpy excess for a range of inter-
act ion parameters and finding the surface that nullifies
the enthalpy excess. Another limitat ion of the method
is that it provides limited microscopic informat ion, as it
only returns one quant ity, M t o.
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FIG. 6. Thermo-osmot ic coefficient of a polarized graphene
surface as a funct ion of the surface charge density. The non-

equilibrium computat ion (blue squares) agrees well with Der-
jaguin’s formula based on the enthalpy excess (orange circles).
The Poisson-Boltzmann (PB) predict ion to thermo-osmosis is

also represented (green line). As discussed in the text , it is
negligible compared to the cont ribut ion of water enthalpy ex-

cess. Panels b) and c) represent respect ively the slip length
and the enthalpy excess.

The agreement between the methods remains consis-
tent for the neutral GO surface (Fig. 7). However, for
the charged GO surface, there is a clear departure from
Derjaguin’s theory (Fig. 8). Two reasons could explain
this di↵erence; the first reason is the assumpt ion that
viscosity is constant along the channel. While this as-
sumpt ion is reasonable for smooth surfaces, it may not
be t rue for defect ive ones. In Ref. 17, the authors com-
puted the velocity profile of water near diamond inter-
faces by generat ing a Couet te flow in the channel. They
considered two types of surfaces: a smooth diamond sur-
face and a defect ive surface with hydroxyl groups as de-
fects. They found that the presence of hydroxyl groups
could significant ly increase the viscosity near the surface.
Consequent ly, the thermo-osmot ic velocity predicted by
Derjaguin’s formula could be overest imated30.

Another possible reason involves the dist ribut ion of en-
thalpy excess. In Fig. 9, we computed the map of en-
thalpy excess for both the prist ine and defect ive surfaces.
While the enthalpy excess of the smooth surface is ho-
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ange circles) and the ent ropy excess (green t riangles).

removing the charge of the wall, leading to non-neut ral
systems. In cont rast , both NEMD and ∆ H route can be
used on charged surfaces, and provide consistent results
(Fig. 6).

Returning to the NEMD computat ion, the agreement
between this method and the methods based on the com-
putat ion of the enthalpy and the ent ropy excess tends
to confirm the validity of Derjaguin’s approach to com-
pute the thermo-osmot ic coefficient for smooth surfaces.
NEMD is comparable to enthalpy excess computat ion in
terms of computat ional t ime while being much more pre-
cise. On theother hand, it requiresfinding a TOI surface,
i .e., comput ing the enthalpy excess for a range of inter-
act ion parameters and finding the surface that nullifies
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jaguin’s formula based on the enthalpy excess (orange circles).
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also represented (green line). As discussed in the text , it is
negligible compared to the cont ribut ion of water enthalpy ex-

cess. Panels b) and c) represent respect ively the slip length
and the enthalpy excess.

The agreement between the methods remains consis-
tent for the neut ral GO surface (Fig. 7). However, for
the charged GO surface, there is a clear departure from
Derjaguin’s theory (Fig. 8). Two reasons could explain
this di↵erence; the first reason is the assumpt ion that
viscosity is constant along the channel. While this as-
sumpt ion is reasonable for smooth surfaces, it may not
be t rue for defect ive ones. In Ref. 17, the authors com-
puted the velocity profile of water near diamond inter-
faces by generat ing a Couet te flow in the channel. They
considered two types of surfaces: a smooth diamond sur-
face and a defect ive surface with hydroxyl groups as de-
fects. They found that the presence of hydroxyl groups
could significant ly increase the viscosity near the surface.
Consequent ly, the thermo-osmot ic velocity predicted by
Derjaguin’s formula could be overest imated30.

Another possible reason involves the dist ribut ion of en-
thalpy excess. In Fig. 9, we computed the map of en-
thalpy excess for both the prist ine and defect ive surfaces.
While the enthalpy excess of the smooth surface is ho-
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FIG. 2. Di↵erent types of graphit ic surfaces considered: a

neut ral prist ine graphene (PG) surface (a), a polarized PG
surface (b), a neut ral graphene oxide (GO) surface (c), and an

elect rically charged GO surface, for which the hydrogen from
the hydroxyl groups are removed to create charged groups

(d). The snapshots were produced with the software Ovito51 .

The interact ion parameters for these hydroxyl groups
were based on the phenol parameters within the all-atom
opt imized potent ials for liquid simulat ion (OPLS-AA)
force field49.

The graphene sheets were either kept neutral or
charged. To charge the PG surface uniformly, we as-
signed thesamechargeto all carbon atomsq = ⌃S/ Nwal l ,
where S is the surface area of the sheet, and Nwal l is the
number of carbon atoms, result ing in a surface charge
density ⌃ . To charge the GO, we remove the hydro-
gen atoms from the hydroxyl groups. In pract ice, this
was achieved by set t ing the charge of the carbon, oxygen
and hydrogen of the hydroxyl groups to qCp h en o l

= 0e,
qOp h en o l

= − 0.85e and qH p h en o l
= 0e, respect ively, to

match the rescaled charge of the ions. Counter-ions were
added to the system to keep it elect rically neut ral.

In all simulat ions, we froze the bot tom surface. We
used the top surface as a piston during an equilibrat ion
phase that lasted 1ns, before fixing it at its equilibrium
posit ion to set the pressure to 1atm, for all simulat ions
except the DSM (see details of DSM simulat ions in Sec-
t ion I I I C).

For the systems with a temperature gradient , we used
a NVE t ime integrat ion, and fixed the fluid temperature
at 280 and 360K for the cold and hot region, respec-
t ively, via a canonical sampling thermostat that uses
global velocity rescaling with Hamiltonian dynamics50,
applied in the y and z direct ions, following a previous
thermo-osmosis study24, with a damping t ime of 200fs.
The mean temperature was 320K. For other systems, we
used a Nośe-Hoover thermostat to set the temperature to
320K with a damping t ime of 200fs. For all simulat ions,
the t imestep was 2fs.

B. Enthalpy excess route

To assess the predict ions of Derjaguin’s theory, we cal-
culated the thermo-osmot ic coefficient using Eq. (14). To
this end, we computed the enthalpy excess by following
the procedure described in Ref. 30, with a system com-
posed of 1500 water molecules and 9 pairs of ions, con-
fined between graphene walls of dimensions L x ⇠ 34Å
and L y ⇠ 26Å, for a separat ion between the walls of

approximately 50Å. The enthalpy excess density is com-
puted with Eq. (10), in which the enthalpy per part icle
is defined as30:

hi (z) = ui (z) +
pk (z)

nt ot (z)
, (23)

with ui the internal energy of species i , nt ot the total
number density, and pk = px x = pyy the components of
the virial pressure tensor parallel to the surface. Indeed,
the pressure is anisot ropic near the surface, and one must
consider the parallel components of the pressure tensor
to compute the enthalpy density20,24.

We also calculated the slip length for these systems.
The slip length is defined as52:

b =
⌘

λ
, (24)

where ⌘is the viscosity of the bulk liquid, and λ is
the solid-liquid frict ion coefficient . One way to compute
these quant it ies is to use Green-Kubo formulas, at equi-
librium. The Green-Kubo relat ion for the viscosity is53:

⌘=
V

kB T

Z 1

0

hp↵ β (t)p↵ β (0)i dt, (25)

with V the volume of the simulat ion box, and p↵ β the
independent components of the traceless pressure tensor.
Similarly, the frict ion coefficient is calculated at equilib-
rium using52:

λ =
1

AkB T

Z 1

0

hF↵ (t)F↵ (0)i dt, (26)

where A is the wall surface and F is the force act ing on
the wall along the ↵ direct ion, ↵ = x, y.

One can also compute the slip length using NEMD
simulat ions and the Navier boundary condit ion54,55:

b =
vs

γ̇
, (27)

where γ̇ is the bulk shear rate and vs is the slip velocity,
defined as thedi↵erencebetween thewall velocity and the
velocity of the fluid at the posit ion of the hydrodynamic
wall, given by γ̇h/ 2, where h, the hydrodynamic height
of the liquid, is given by56:

h =
M

⇢bulk A
, (28)

with M the total mass of the fluid and ⇢bulk the bulk
massdensity. To compute thosequant it ies, wemoved the
walls in opposite parallel direct ions, at a constant speed
Vx 2 [10, 50] m/ s, generat ing a linear velocity profile far
from the wall. We verified that the result ing quant it ies
remained in the linear response regime.
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➢ The 3 methods match very nicely! 

➢ Complex dependence on surface charge

Ouadfel, Merabia, Yamaguchi, Joly, Molecular Physics 2024



Thermo-osmosis vs surface charge 14

Ouadfel, De San Féliciano, Herrero, Merabia, Joly, PCCP 2023

➢ Large impact of surface charge through water enthalpy excess

➢ Largely depends on surface charge distribution



Conclusion 

Osmotic transport generated in the nanometric vicinity of interfaces

➢ Molecular structure and dynamics

➢ Interfacial hydrodynamics can control amplitude and sign of the response! 

➢ Rich phenomenology originating in specific interactions with the walls

Molecular dynamics simulations

15

Bonhomme, Blanc, Joly, Ybert, Biance, Adv. Colloid Interface Sci. 2017
Hartkamp, Biance, Fu, Dufrêche, Bonhomme, Joly, Curr. Opin. Colloid Interface Sci 2018
Herrero, Allemand, Merabia, Biance, Joly, arXiv preprint arXiv:2204.13522, 2022

Toward a sustainable future

➢ Diffusio-osmotic current

➢ thermoelectricity
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