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ARTICLE INFO ABSTRACT

Keywords: Thermo-osmosis holds broad application prospects in low-grade heat energy utilization, seawater desalination,
Thermo-osmosis and biomedicine. However, fluid near-wall adhesion and changes in physical properties are ignored in calcu-
Viscosity

lating thermo-osmotic velocity, which obscures the mechanism of thermo-osmosis. To address this issue, we
refine the thermo-osmotic velocity formula by incorporating the spatial variation of viscosity. Additionally, the
near-wall adhesion and the density stratification properties of the fluid are analyzed to determine the effective
region of thermo-osmosis, thereby facilitating the quantitative calculation of the local velocity. Furthermore, the
accuracy of the calculations is validated via molecular dynamics simulations. Under the given boundary con-
ditions within the slit, taking the direction of increasing temperature as the positive direction, the average
thermo-osmotic velocities obtained from simulation and refined calculation method are -0.113 m/s and -0.105
m/s, respectively. The correlation coefficient of the velocity distribution, derived through multiple simulations
and calculations, is approximately 0.63, while the error in the thermo-osmotic flux is about 7.0 %. Conversely, if
viscosity variations are ignored under the same conditions, the calculated average thermo-osmotic velocity is
0.036 m/s, which significantly differs from the simulation value in both magnitude and direction. Subsequently,
the impacts of various influential factors are systematically analyzed to elucidate control methods for thermo-
osmosis. The findings indicate that system temperature, pore size, and membrane hydrophilicity significantly
influence thermo-osmosis by altering the liquid’s viscosity and excess specific enthalpy. Conversely, the geom-
etry of the membrane pores has a relatively minor effect. Moreover, utilizing the refined calculation method, we
elucidated the roles of the aforementioned factors in both flow resistance and generalized driving forces, thereby
delineating their impacts on thermo-osmosis. Overall, this study elucidates the mechanism of thermo-osmosis
and identifies effective control methods, offering suggestions for the practical application of thermo-osmosis.

Excess specific enthalpy
Nanoconfined fluid
Molecular dynamics simulation

the energy structure, but also effectively reduce carbon emissions and
mitigate the greenhouse effect [12,13]. Utilizing thermo-osmotic energy
conversion (TOEC) technologies enables the directional migration of
fluid against the pressure gradient to store potential energy under a
relatively low temperature heat source (< 100 °C), thereby facilitating
the recapture of low-grade heat energy with substantial application
potential [14,15].

Despite the significant potential for thermal osmosis, its performance
in many applications often falls short of expectations. For instance, in
the TOEC system, thermal osmosis converts low-grade heat into poten-
tial energy. Our preliminary simulations also indicate that thermal
osmosis can drive fluid flow against the pressure gradient, as illustrated
in Fig. A1 of Appendix A. However, in practical applications, the energy
conversion efficiency of thermal osmosis is typically quite low; even in
laboratory settings, the single-stage thermal osmosis energy conversion

1. Introduction

Since its initial identification in the early 20th century, thermo-
osmosis has garnered considerable attention from researchers [1,2].
The ability of thermo-osmosis to facilitate directional fluid transport at
interfaces with temperature gradients [3,4] heralds significant potential
in utilizing clean and renewable energy sources [5,6], improving energy
efficiency [7], and developing micro/nano-motors [8]. Against the
backdrop of increasing energy shortages, the vast majority of low-grade
thermal energy (< 100°C), represented by geothermal energy and in-
dustrial waste heat, has not been effectively utilized [9,10]. It is reported
that more than 30 % of global primary energy consumption is dissipated
in the form of low-grade heat [11]. Effective recycling of low-grade
thermal energy can not only alleviate the energy crisis and optimize
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Nomenclature

B slit width (m)

b slip length (m)

d dimensionality of the system

fi interparticle force (N)

fx external force applied per unit volume of fluid (N/m>)

Hyp enthalpy per unit volume of the bulk liquid (J/m>)

h half of the slit height (m)

hs thickness of the boundary layer with significant enthalpy
change (10\)

SH enthalpy change per unit volume of the bulk liquid
resulting from membrane interactions (J/m3)

J heat transfer rate (J/s)

kg Boltzmann constant (J/K)

l membrane thickness, which is the length of the slit channel
(m)

AP pressure difference (Pa)

Q volume flux (m3/s)

ri particle spacing (m)

T average temperature of the system (K)

AT temperature difference between the two sides of the
membrane (K)

vT temperature gradient (K/m)

v liquid transmembrane velocity (m/s)

A slip velocity (m/s)

Greek symbols

Bij phenomenological coefficients

e energy parameters of L-J potential (J)

I3 hydrophilicity coefficient

n viscosity (Pa-s)

A friction coefficient (Pa-s/m)

u Gibbs free energy per unit volume of the bulk liquid (J/m®)

p density (kg/m>)

o distance parameters of L-J potential (m)

Abbreviations

EAM embedded atom method

EMD equilibrium molecular dynamics

ESE enthalpy change per unit volume of the bulk liquid
resulting from membrane interactions J/m3)

IED internal energy density (Pa)

LAMMPS Large-scale Atomic/Molecular Massively Parallel
Simulator

L-J Lennard-Jones

MD molecular dynamics

NVE microcanonical ensemble

PDF pressure-driven flux (mol/ (m2-5))

PEM proton exchange membrane

PEMFC proton exchange membrane fuel cell

TOEC thermal osmotic energy conversion

TOF thermo-osmotic flux (mol/(m?-s))

Subscripts

ave average value of the physical properties

P pressure-driven

S-L between solid and liquid particles

X in the X-axis direction

a, one of the x, y, and z directions

efficiency often falls below one-tenth of the theoretical efficiency [5,6].
Many researchers resort to altering external conditions to enhance the
efficiency, such as applying negative pressure [5] or employing
multi-stage stacking [6], to enhance the utilization efficiency of thermal
energy. In proton exchange membrane fuel cells (PEMFCs) [16,17],
although thermal osmosis plays a role in the transport of hydrated
protons [18], current research suggests that thermal osmotic forces have
a detrimental effect [19], but there is no ongoing research aimed at
mitigating this adverse effect. In summary, the shortcomings in these
applications primarily stem from inadequate research on thermal
osmosis, with its influencing mechanisms remaining unclear. Conse-
quently, it is challenging to discern patterns and develop optimization
criteria.

Thermal osmosis is the phenomenon of liquid directional flow
induced by a temperature gradient at the fluid-solid interface [20,21].
The applications of thermal osmosis are often linked to porous mem-
branes due to their high surface area-to-volume ratio and ultrathin
thickness, which ensure sufficient fluid-solid contact surface and tem-
perature gradient. When there is a temperature difference between the
two sides of a membrane, the temperature gradient within its porous
structure promotes the transmembrane transport of liquid. Based on
whether the transmembrane fluid is in a liquid state, thermal osmosis
can be categorized into liquid-gap thermal osmosis and gas-gap thermal
osmosis. Gas-gap thermo-osmosis is driven by the evaporation and
condensation of the liquid at both ends of the pore, with the fluid always
moving from the hotter to the cooler end under the same external
pressure. The driving mechanism of liquid-gap thermo-osmosis is more
complex and is generally considered to be governed by solid-liquid
particle interactions near the solid-liquid interface under temperature
gradients. The flow direction and magnitude are affected by numerous
factors [22,23]. Due to liquid-gap thermo-osmosis occurring at the
nanometer scale, most experimental apparatuses are only able to

determine the size and direction of the thermo-osmotic flux (TOF), but
cannot measure the local physical properties at this scale. This limitation
makes the thorough analysis of the nanoscale mechanism of liquid-gap
thermo-osmosis challenging. Therefore, researchers have predomi-
nantly investigated the mechanism of liquid-gap thermo-osmosis
through theoretical derivation and simulation verification [24]. This
paper primarily focuses on liquid-gap thermo-osmosis. Unless otherwise
stated, all subsequent mentions of thermo-osmosis refer to its liquid-gap
type.

At present, the method for calculating the liquid-gap thermo-osmotic
velocity that is widely acknowledged and employed by the scientific
community is the formula derived by Derjaguin [22,25], which is based
upon Onsager reciprocity relations [26]. However, this calculation
method still requires significant improvement for enhanced accuracy.
Recently, Ganti et al. [22] presented three methods for calculating
thermo-osmotic velocity, which all produced similar results. They
calculated a Soret coefficient Sy ~ 0.047 K, which is of the order of
magnitude of 0.014 K in the research [27]. It reveals that the current
thermo-osmotic velocity calculation is complex and can be more accu-
rate. Therefore, in the research outlook Ganti suggested that incorpo-
rating viscosity changes could refine the equation for thermo-osmotic
velocity. Anzini et al. [28] extended the linear response theory to het-
erogeneous systems to obtain an accurate nanoscale theory of
thermo-osmosis. They showed that the calculation of thermo-osmotic
velocity is constrained by size. In experimental studies, it is also
reviewed that many experiments measured the direction of
thermo-osmosis even opposite to the theory [1]. It follows that there
remains a necessity for a more refined theoretical framework for
liquid-gap thermo-osmosis.

As previously mentioned, thermo-osmosis plays a significant role in
numerous applications, such as TOEC systems and PEMFCs. Further-
more, in recent years, researchers have also been investigating its
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application in membrane-venting heat sinks [29]. However, without a
thorough understanding of the mechanisms influencing thermo-osmosis,
researchers cannot optimize its potential benefits in these applications.
Refinement of the mechanistic study is imperative to establish optimi-
zation criteria and provide a basis for regulation in thermo-osmotic
applications [19,30]. However, current research has yet to effectively
refine traditional computational methods, lacking a theoretical
approach that closely aligns with microscopic simulation results. Hence,
this study will refine the existing method for calculating thermo-osmotic
velocity and validate the revised theory by analyzing various factors
influencing thermo-osmosis. Additionally, this analysis also conducts a
feasibility assessment for formulating optimization criteria for
thermo-osmosis in diverse applications.

The innovations presented in this paper primarily encompass the
following: (1) Firstly, the formulation for calculating thermo-osmotic
velocity has been revised to account for variations in viscosity; (2)
Secondly, the effective flow region for thermo-osmosis has been delin-
eated based on fluid near-wall adhesion and density stratification; (3)
Thirdly, employing the enhanced calculation formula and the identified
effective flow region, we quantitatively obtained the distribution of
thermo-osmotic velocity, which exhibited a remarkably small error
when compared to molecular dynamics (MD) simulation results, with
the thermo-osmotic flux error amounting to merely 7.0 %; (4) Fourthly,
we analyzed the impacts of four factors on thermo-osmosis and eluci-
dated the underlying mechanisms using the refined theory.

Our research focuses on the mechanistic analysis of thermo-osmosis
and the exploration of control methods. In Section 2, the variation in
fluid viscosity is considered, and a refined quantitative calculation for-
mula for the distribution of thermal osmosis velocity is derived. In
Section 3.2, we analyze the properties of the thermo-osmotic fluid and
delineate the effective flow region, in which the thermo-osmotic velocity
distribution is calculated and the accuracy of the theoretical calculations
are validated by MD simulations. In order to determine the effective
regulation mechanism, the effects of various factors on the thermo-
osmosis are investigated by MD simulation in Section 3.3. It is worth
noting that membrane hydrophilicity has a strong influence on thermo-
osmosis; a change in hydrophilicity not only significantly alters the
magnitude of the thermo-osmotic flux (by 3-10 times), but also changes
the direction of flow. The above studies have explored the mechanism of
thermo-osmosis, determined effective regulation criteria, and offered
insights for thermo-osmosis to fulfill a beneficial role in practical
applications.

2. Mechanism and formula derivation

Based on the Gibbs-Duhem equation, and Onsager reciprocity re-
lations, the relationship between thermo-osmotic velocity and excess
specific enthalpy (ESE), liquid viscosity, and temperature gradient can
be deduced. First, based on irreversible thermodynamics, the coupled
liquid flow and heat transfer equations can be expressed by the
following two expressions respectively [31,32]:

AT

Q= —p;,AP - ﬁlzT (€Y
AT

J=—pnAP */3227 2

where Q is the volume flux (in m3/s) and J is the heat transfer rate (in J/
s) [25], By is the phenomenological coefficients (511 refers to the coef-
ficient of pressure difference on volume flux, in m3/(s-Pa), P12 refers to
the coefficient of temperature difference on volume flux, i.e., the
thermo-osmotic coefficient, in m>/s), AP is the pressure difference, T is
the average temperature of the system, and AT is the temperature dif-
ference between the two sides of the membrane. According to Onsager
reciprocity relations, /12 = f21, which has been proved by the re-
searchers using MD simulation [26].
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Taking the slit model studied in this paper as an example, as shown in
Fig. 1 (a), we assume that all pores are plane-parallel slits, which is
consistent with Derjaguin’s research model. The membrane thickness is
denoted by [, oriented along the x-axis; the slit width is represented by B,
aligned with the y-axis; and the slit height is characterized by 2h,
directed along the Z-axis. Two horizontal solid walls are configured
parallel to the x-y plane, with liquid molecules occupying the slit space
between them.

To determine f1,, it is imperative to first compute f3;. Consider a
pressure-driven transmembrane liquid flow with an isothermal heat flux
of:

2h
Jp = HoQp + B/ SH(z)vp(z)dz 3
)

where, Hy represents the enthalpy per unit volume of the bulk liquid, in
J/m®, 6H signifies the enthalpy change per unit volume of the bulk liquid
resulting from membrane interactions, which we define as the ESE, in J/
m3, v indicates the liquid transmembrane velocity, in m/s, and the
subscript P indicates that the flow is pressure-driven. z = 0 or z = 2h
means on one side of the flow channel. The liquid’s enthalpy was
derived from the MD simulation software by summing the total energy
of each atom and the product of pressure and volume, with both the total
energy and pressure being calculated from the relative positions of the
particles according to the potential function. Clearly, in the absence of
the membrane, the heat transfer flux would be (HQp) for the same flux.
Therefore, the presence of the membrane influences the heat transfer
flux as follows:

2h
J :B/ SH(z)vp(z)dz @
0

Derjaguin’s study [25] assumed the viscosity 5 to be constant and
obtained a parabolic velocity profile described by Poiseuille’s law:

2hz — 2%) AP
vo(z) = — 22— %) AP ©)
n l
Substituting Eq. (5) into Eq. (4) yields:
2h
J= —% 8H(z)(2hz — 2°)dz (6)
0

According to Onsager reciprocity relations [26], the thermo-osmotic
coefficient 12 can be expressed as:

B (2 )
Pra =P = *H/O 5H(Z)(2hz*z )dz @)

Derjaguin [25] assumes that the enthalpy of the liquid changes only
in a thin boundary layer hs near the wall, which is much smaller than h.
Then the velocity profile can be assumed linear at z < hg v(z) =
-2hzAP/(nl). Substituting the above assumptions into Eq. (7) gives:

4Bh [
Pra=Pn=—"7

i/ 6H(z)zdz 8)

Given the parameter 15, the average liquid velocity vy traversing the
membrane exclusively driven by the temperature difference of AT can
be expressed as

2 [ AT 2 M vr
V= -2 Asz—dZ:——/ S6H(z)z——dz ©
nl /o (2) T nJo ® T

where VT = AT/I, represents the temperature gradient in the direction
of the flow channel, i.e., the x-axis direction.

The analysis indicates that the aforementioned approach provides an
approximate estimation of the average velocity of thermo-osmotic flow;
however, certain assumptions underlying this method are not suffi-
ciently justified. Firstly, liquid-gap thermo-osmosis occurs in mem-
branes featuring nanoscale pore dimensions, where the liquid is
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Fig. 1. Thermo-osmotic model and liquid temperature distribution: (a) Equal-height slit model; (b ~ ¢) Non-equal-height slit model; (d) Liquid temperature dis-
tribution on the channel axis (x-axis) for different hot end temperature (T;) conditions.

confined to the nanoscale in at least one dimension, a state referred to as
nanoconfined liquid. A notable characteristic of nanoconfined liquid is
the significant alteration in its physical properties relative to those of the
bulk liquid, including viscosity, enthalpy, and others. Furthermore,
these changes are inhomogeneous, with the varying distance from the
wall substantially influencing the degree of alteration in physical
properties. Consequently, the variation in viscosity must be taken into
account when determining the distribution of pressure-driven flow.
Secondly, for the pressure-driven flow, despite the high ESE near the
wall (as will be verified by the MD simulation presented later), the flow
rate in this region is comparatively lower than that at the center of the
flow channel. Conversely, while the ESE of the liquid at the center of the
channel is relatively low, the high flow rate in this area renders its
contribution to heat flow significant. Consequently, the derivation from
Eq. (7) to Eq. (8) presents certain issues.

To solve the above problem, Cecilia et al. [33] simplified the
Navier-Stokes equations based on the thermo-osmosis model:

v, oP

- Py a0

o T Tox

where fy is the external force applied per unit volume of fluid, i.e., the
force density (in N/m3).

The integration of Eq. (10) is performed when the pressure gradient
in the x-direction is zero. Given the symmetry of the velocity within the
flow channel about its central axis, the following result is derived:

0y
X — 11
0z |,_p 0 an
P )= - [ = [ Y (12)
R G
The integration of Eq. (12) is continued over the range from O to z:
Z h 1
Ve(z) — 2(0) = / & / )’ as
0 4
Considering the Navier boundary conditions [34]:
v = b2 a4
a 2=0

where vy is the interfacial velocity jump of the fluid at the wall, also

known as slip velocity. 1 is the friction coefficient, and b = /4 is the slip

length, which depends on the interaction between solid-liquid particles.

And for hydrophilic walls b is generally taken to be zero [35].
Substituting Eq. (14) into Eq. (13) yields:

V() = /0 "@ / h%fx(z”)dz” +b /0 hlﬂfx(z)dz (15)

In the study of thermo-osmosis, the force density driving the flow
will be the thermodynamic force [33]:
d(u/T)

fx =-T dx 16)

where p is the Gibbs free energy. Taking into account the Gibbs-
Helmbholtz equation:
d(u/T) SH

ar T2 a7

where 6H represents the ESE mentioned earlier. Substituting Eq. (17)
into Eq. (16) yields the expression for fy:
VT
filz) = —6H(z) —~ 18)
Substituting Eq. (18) into Eq. (15) yields the calculated equation for
the thermo-osmotic velocity distribution:

Vi(z) = fVTT{ /0 & Lh%éH(z")&" +b/0h%5H(z)dz} 19)

Equation (19) connects the thermo-osmotic velocity v, with liquid
viscosity 7, the ESE 6H, and temperature gradient VT. Analysis reveals
that, the thermo-osmotic velocity points to the direction of temperature
reduction when 6H is greater than zero. Conversely, when 6H is less than
zero, the thermo-osmotic velocity points to the direction of increasing
temperature. A reduction in liquid viscosity, an augmentation in the
absolute value of the ESE, or an enhanced temperature gradient con-
tributes to an increase in thermo-osmotic velocity and vice versa.

Upon comparing Eq. (9) and Eq. (19), it becomes apparent that the
former only considers the variations in fluid properties near the wall,
thus allowing only for the calculation of the average thermo-osmotic
velocity within the flow channel. Meanwhile, the latter incorporates
all localized fluid properties in the flow channel into the velocity
calculation and is capable of accurately determining the thermo-osmotic
velocity at each localized position, thus offering a more precise and
rigorous approach.

3. Molecular dynamics simulations and results

In this research, MD simulation method is employed to explore the
nanoscale mechanisms of thermo-osmosis, as it enables concurrent
nanoscale flow simulation, local particle energy visualization, and local
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physical property calculation. We will conduct MD simulations to
investigate the thermo-osmosis behavior of liquid argon confined within
a copper nano-slit. Given that argon is a monatomic molecule with
highly stable chemical properties and electrical neutrality, the in-
teractions between argon atoms and other microscopic particles are
relatively simple. Selecting argon as the simulation medium offers
several advantages: (1) In molecular dynamics simulations, argon atoms
are only influenced by the Lennard-Jones potential, which conserves
computational resources and accelerates the calculation process; (2) As
this study primarily aims to explore the underlying mechanisms of
thermo-osmosis, choosing a medium with simple mechanical properties
helps eliminate interference from other factors, ensuring that the
research findings are solely attributable to the effects of thermo-osmosis.
Employing water or other media would complicate the analysis by
introducing influences from hydrogen bonds, electric dipole moments,
and charge distributions, which are disadvantageous for mechanistic
research. Consequently, despite its inapplicability as a thermo-osmosis
workpiece in practical applications, argon is highly suitable for in-
depth analysis of the mechanism underlying the phenomenon. The use
of a slit structure as the flow channel enhances the statistical analysis of
local physical properties and aligns with the practical applications of
membrane slit channels. The Lennard-Jones (L-J) potential and the
embedded atom method (EAM) potential are selected for the simulation,
with the specifics of inter-particle potential functions and their param-
eters detailed in Table 1.

Based on the slit model, MD simulations will be conducted to prove
the correctness of the theoretical calculations in Chapter 2, followed by
elucidating the effects of four critical factors on thermo-osmosis: system
temperature, pore size, pore geometry, and the hydrophilicity of nano-
porous membranes.

3.1. Model description

To elucidate the impacts of system temperature, pore size, pore ge-
ometry, and membrane hydrophilicity on thermo-osmosis, this study
conducted simulations by systematically varying the hotter end tem-
perature, slit height, channel geometry, and channel wall
hydrophilicity.

The thermo-osmotic model, depicted in Fig. 1 (a), with a liquid
storage zone on both sides. These reservoirs are exposed to a piston
pressure of 1.0 bar, and the copper nano-slit fixed in the middle acts as a
porous medium with a slit channel length of 14.5 nm. To investigate the
pore geometry’s effect on TOF, the slit was modified to have unequal
heights, as illustrated in Fig. 1 (b) and Fig. 1 (c). Periodic boundary
conditions are applied in the y and z directions to mitigate the influence
of size effects, while the x direction employs a shrink-wrapping
boundary condition that dynamically adjusts to the piston’s move-
ments. All simulations utilize the NVE ensemble, which ensures that the
number of atoms in the system (N), the total volume of the system (V),
and the total energy of the system (E), remain constant. And the liquid’s
temperature distribution being indirectly regulated by the Langevin
thermostat. This thermostat controls the temperature of selected Cu
atoms at both ends of the porous medium, thus minimizing direct
interference with the liquid particles’ motion and enhancing the simu-
lations’ validity.

In all simulations, copper atoms at the system’s cold end are main-
tained at 86 K, while those at the hotter end are kept at 110 K. When
investigating the impact of system temperature on thermo-osmosis, the

Table 1

Potential type and parameter [36]
Atom Potential type e (eV) o (;X)
Ar- Ar L-J 0.0104 3.405
Ar-Cu L-J 0.0653 2.8725
Cu- Cu EAM
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hot end temperatures (T3) are set at 100, 105, 110, 115, and 120 K for
different trials. The temperatures of the hot and cold ends are set in this
manner because, at a pressure of 1 bar, argon has a very low boiling
point. This study ensures the internal pressure is maintained at 1 bar by
applying an external force through pistons on both sides. Additionally,
at the nanoscale, the intermolecular forces significantly impact the
behavior of fluid particles. Thus, within the confined nanoscale space of
this model, argon remains in a liquid state within the specified tem-
perature range of the hot and cold ends. Moreover, the resulting tem-
perature gradient in the channel is substantial, allowing the simulation
to observe a pronounced thermo-osmosis flow within a relatively short
period, thereby conserving computational resources.

Upon reaching stabilization, the system operates freely for 100 ns
under a temperature gradient after which the TOF is quantified for each
simulation. TOF is quantified as the molar number of liquid particles
traversing the established temperature gradient, per unit time and per
unit area of the flow channel cross-section. Fig. 1 (d) displays the tem-
perature distribution profiles within the liquid for systems subject to
varying hot end temperatures. The data illustrate that reservoir tem-
peratures closely align with the predefined values, and the temperature
gradient within the nano-channel is relatively uniform, indicating a
stable temperature gradient along the channel’s axis (x-axis).

The model’s slit height (2h) was set at 2.89 nm, and additional MD
models featuring slit heights of 2.17, 2.53, 2.89, 3.25, and 3.61 nm were
constructed to examine the influence of pore size on thermo-osmosis. It
is important to note that the slit heights denote the spacing between
particles on the upper and lower wall surfaces. Due to the spacing
maintained by particle interactions, the actual range of free movement
for liquid particles is somewhat diminished relative to the slit heights
[37,38]. To assess pore geometry’s impact on thermo-osmosis, the liquid
flow channel is modeled as a slit with varying heights, 3.25 nm on the
wider side and 2.53 nm on the narrower, as depicted in Fig. 1 (b) and
Fig. 1 (c). The model employed in this study is comparable in size to
those of other existing studies [24,39], allowing for simulations that are
neither excessively lengthy nor devoid of significant observations.

This study employs the hydrophilicity coefficient ¢ to denote the
membrane’s hydrophilicity level, defined as the ratio of solid-liquid
particle potential energy intensity to that of liquid-liquid particle in-
teractions. With a hydrophilicity coefficient of 6.28 for Cu and Ar, MD
simulations indicate a contact angle approaching 0°. To investigate how
the hydrophilicity coefficient affects thermo-osmosis in porous mem-
branes, 12 materials with coefficients ranging from 0.1 to 10.0 are
compared, and the variations in contact angle are presented in Fig. 2.

3.2. Characterization of liquid in thermo-osmosis and validation of
theoretical calculations

Prior to the analysis of simulation results and the dissection of the
influence mechanisms, a comprehensive understanding of the funda-
mental characteristics of the liquid involved in the thermo-osmosis
process is essential.

3.2.1. Density stratification of fluids

To facilitate the extraction and statistical analysis of liquid charac-
teristics, this study establishes a slit model specific to thermo-osmosis.
As detailed in Section 2, the fluid within the nano-slit is confined at
the nanoscale in the slit height direction, characterized by restricted
molecular motion and intense interactions with wall particles, thereby
exhibiting the characteristics of nanoconfined fluid. Owing to the
interaction with wall particles, the liquid’s physical properties within
the slit—namely, density, internal energy, and pressure—vary with the
distance from the solid-liquid interface. Fig. 3 displays the density dis-
tribution curves of the liquid along the slit height for three distinct
models of wall hydrophilicity coefficients, each with a slit height of 2.89
nm, demonstrating similar distribution characteristics to nanoconfined
liquids [37,38]. In Fig. A2 in Appendix A, the distribution of liquid
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Fig. 2. Contact angles of materials with different hydrophilicity coefficients.
The hydrophilicity coefficient ¢ denotes the membrane’s hydrophilicity level,
defined as the ratio of solid-liquid particle potential energy intensity to that of
liquid-liquid particle interactions.

particles within the slit is portrayed, demonstrating distinct layering
characteristics.

The data presented in Fig. 3 indicate that the liquid establishes a
multilayer structure with varying densities within the channel, which is
similar to the results of Chen et al [24,35]. Fig. 3 (a) through Fig. 3 (d)
present the simulation data from this study, demonstrating the influence
of various hydrophilic materials on the fluid density within the slit.
Fig. 3 (e) and (f) showcase Chen et al.’s data [35], revealing the fluid
density distribution within slits of differing heights. Neighboring peaks
maintain about a same distance from each other, and the peaks increase
in size as they approach the wall. Even with the hydrophobic wall,
possessing a hydrophilicity coefficient of 0.4, the maximum density
within the adhesive layer surpasses 1.5 times the average density of the
intermediate layer. The greater the hydrophilicity of the wall material,
the more pronounced the impact on the water within the flow channel. A
comparison of the curves in Fig. 3 reveals that the liquid density in the
wall-attached layer is elevated within slits possessing higher hydrophi-
licity coefficients. This is attributable to a stronger adsorption of liquid
particles by the wall, resulting in a greater number of particles bound to
it and the presence of a several-angstroms-wide *vacuum zone’ devoid of
liquid particles between the wall-attached layer and the subsequent
liquid layer.

3.2.2. Near-wall adhesion of liquids

Upon comprehending the characteristics of liquid density stratifica-
tion, we know that owing to the exceptionally strong interactions be-
tween solid-liquid particles, liquid particles are attracted to the solid
wall to form a particle film with fairly high density. To visualize the
impediment of liquid particles at varying elevational layers due to the
wall, Fig. 4 illustrates the distribution of local potential energy produced
by wall particles at distinct altitudes under the condition of a wall hy-
drophilicity coefficient of 6.28.

Three surfaces represent the distribution of local potential energy for
liquid particles at varying heights resultant from their interaction with
the wall particles. The distances of the liquid particles from the solid-
liquid interface are 1.2 oy, 1.1 6s, and osy, respectively. And g
represents the L-J potential distance parameter, indicating the distance
at which the potential energy of interaction between solid and liquid
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particles is zero.. The surface contour depicted in the figure indicates
that the potential energy interaction between solid and liquid particles
creates ’potential wells’ on the horizontal plane, influencing the
movement of the liquid particles. Furthermore, the depth of the "po-
tential well" near the wall escalates substantially, thereby augmenting
the obstruction to the lateral movement of the liquid particles, confining
them to a limited region.

By Fig. Al, it is noticed that the liquid particles at the walls display
"quasi-lattice” properties akin to those of solids. Compared with the
liquid particles in the middle of the flow channel, the liquid particles at
the wall-adhesion layers are highly organized, which are almost peri-
odically arranged in the same plane. Video V1 illustrates the dynamics of
fluid particles driven by external pressure, revealing that the liquid
particles within the wall-adhesion layer merely oscillate near their
respective positions without undergoing flow.

To verify the correctness of the theoretical calculations, we must first
remove the interference. Based on the molecular distribution, the
assumption of a continuous medium holds true only for the central
layers within the slit. Considering that the molecules in the wall-
attached layer manifest quasi-lattice properties and are confined to
vibrating at fixed sites, they must be excluded from the calculation of the
thermo-osmotic velocity. The particle distribution in the "vacuum" re-
gion is almost absent, and the erratic motion of individual particles
significantly influences the statistical outcomes in this region, necessi-
tating the exclusion of particles from this region as well. Acknowledging
these universal characteristics of the fluid within the pore space en-
hances the understanding of the thermo-osmotic mechanism and facil-
itates a more precise determination of the local thermo-osmotic velocity.
Given the molecular distribution, the assumption of a continuous me-
dium is applicable solely to the central layer within the slit. Our focus is
exclusively on the central portion of the flow channel characterized by a
continuous particle distribution when computing the thermo-osmotic
velocity. Then, how to determine the velocity boundary of the fluid in
the center region after excluding the liquid region near the wall becomes
our concern.

3.2.3. Estimation of fluid viscosity

Considering the density stratification and near-wall adhesion of the
thermo-osmosis liquid, the thermo-osmosis velocity of the liquid at
different locations can be quantitatively calculated using Eq. (19). At the
nanoscale, the liquid viscosity undergoes modifications due to solid-
liquid interactions and small-size effects. Consequently, it is crucial to
incorporate the positional variations in liquid viscosity when computing
the thermo-osmotic velocity. Nonetheless, ascertaining the viscosity of
the liquid at various points within the channel presents a challenge; this
can be addressed through the subsequent analysis steps. Initially, per the
viscosity Eq. (20), the equilibrium molecular dynamics (EMD) simula-
tions reveal that viscosity can be statistically derived from the time
autocorrelation function of the liquid pressure. Subsequently, the rela-
tionship between pressure and molar density of the fluid is elucidated by
integrating Eq. (21) with the pressure data from the MD simulations in
LAMMPS. Finally, the correlation between fluid viscosity and molar
density can be deduced based on the established relationship between
pressure and molar density.

V[l

1=l |, 25 (Bea®PsO) @0
C NksT 1 N -

P 3T &

where kg is the Boltzmann constant, @ and f represent the x, y, and z
directions, P,; represent the pressure in the a-§ direction, d is the
dimensionality of the system, r; is the particle spacing and f; is the
interparticle force..
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Fig. 3. Density distribution of liquid molecules in the slit with different hydrophilicity coefficients (£) and slit heights (2h): (a) £ = 0.40, (b) £ = 1.00, (c) & = 3.00, (d)
& =6.28, (e) 2h = 3 nm, (f) 2h = 4 nm. (e) and (f) are derived from the literature [35]. Z-axis is the slit height direction. The hydrophilicity coefficient £ denotes the
membrane’s hydrophilicity level, defined as the ratio of solid-liquid particle potential energy intensity to that of liquid-liquid particle interactions.

Due to the small size effect, nano-confined fluids exhibit anisotropic
viscosities. For the current model, when calculating the viscosity of the
thermally driven flow in the x-direction, it is imperative to account for
the pressure in the z-x plane. Within a given horizontal plane of the flow
channel (consistent z-coordinate), the fluid particles are relatively uni-
formly dispersed, and in accordance with the pressure Eq. (21), the
statistical average of the second term on the right side is expected to
approach zero. Within the same cross-sectional area of the channel
(identical x-coordinate), the temperature remains uniform, thereby
rendering the pressure proportional to the molar density. Upon reinte-
grating this outcome into Eq. (20), considering that the time autocor-
relation function of the pressure is magnified by the volume (V), the
resultant viscosity is deduced to be proportional to the molar density, as
delineated in Eq. (22).

n(z) _p2)

”ave - pave (22)

Where 7(z) and p(z) represent the local liquid viscosity and density,
respectively. Superscript ave represents the average value of the physical
properties. By substituting this formula into Eq. (19), the thermo-
osmotic velocity of liquid layers with different heights can be calcu-
lated. The average liquid viscosity in a slit can be calculated based on the

following formula:

b(2h — 65 1)°AP
o ="""12q1 @3
where [, b, and 2h are the magnitude of the slit in the x, y, and z di-
rections, respectively, AP is the pressure difference between the reser-
voirs on both sides of the slit, and Q is the flux. The mean value of the
liquid viscosity can be calculated by counting the flux of the liquid
through the slit under the external pressure.

3.2.4. Validation of theoretical calculations

As mentioned above, after eliminating the interference of the
boundary on the calculation, it becomes problematic to determine the
velocity boundary in the center of the channel. Considering the features
of nanoconfined fluid, we performed two simulations with external
pressure-driven and temperature-driven fluid flow in the nano-slit,
respectively. The former is used to determine the velocity boundary of
the channel center. Fig. 5 (a) shows the density and velocity distribution
curves of fluid in the flow channel driven by external pressure, while
Fig. 5 (b) shows the results of MD simulations and calculations with Eq.
(19) for the thermo-osmotic velocity distribution in a temperature-
driven flow channel.
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Fig. 5. Velocity distribution curve in the flow channel, the blue region is the region where the continuity assumption is valid, and the rest of the regions are not valid:
(a) Density and velocity distributions of the fluid in the flow channel driven by external pressure, where the black solid line is the fitted curve of the fluid velocity; (b)
MD simulation results and theoretical calculation results of the fluid velocity distribution driven by temperature, where computation result A takes into account the

spatial variation in viscosity, while computation result B does not.

Both simulations were modeled as shown in Fig. 1 (a), with the
pressure-driven simulation applying isotropic pressure on the left and
right pistons. For the temperature-driven simulation, the cold and hot
end temperatures are 86 K and 110 K, respectively, while the slit height
was maintained at 2.89 nm. The thermo-osmotic velocity distribution
obtained from the simulation is depicted in Fig. 5 (b), alongside the
distribution calculated according to Eq. (19). The computation result A
takes into account the spatial variation in viscosity, whereas computa-
tion result B does not.

In Fig. 5 (a), the region where the fluid continuity assumption holds
is identified by the blue background color, where the fluid density is
always greater than zero and the fluid particles are all free-flowing. The
black curved solid line is the velocity distribution curve fitted to the
middle fluid in the MD simulation, and the data show that the velocity at
the middle fluid boundary should be zero, so it is appropriate to take
zero for the slip length b. After we substitute b = 0 into Eq. (19) to obtain

the theoretically calculated curve for the thermo-osmotic velocity, it is
compared with the MD results. The velocity distribution results of MD
are the statistical average obtained from seven independent simulations,
which can be used in mitigating the disturbances caused by the irregular
motion of molecules.

The data in Fig. 5 illustrate that computation result A, which in-
corporates the spatial transformation of viscosity, closely matches the
MD simulation outcomes. Given the rarity of studies calculating the
thermo-osmotic velocity via the formula, this paper conducts a com-
parison between computation result A, which factors in the spatial
variation of viscosity, and computation result B, which does not. It is
observed that the thermo-osmotic velocity computed by computation
result B diverges from the actual simulation results, exhibiting a sig-
nificant discrepancy in magnitude and direction. The primary cause of
this discrepancy lies in the reduced fluid density at the boundary of the
effective flow region, as per Eq. (22), leading to a decrease in fluid
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viscosity and an increase in the rate of fluid velocity changes, which is
crucial for the generation of thermo-osmotic velocity. The comparison of
these three outcomes underscores the necessity of accounting for vis-
cosity changes in the calculation of thermo-osmotic velocity within the
effective flow region.

The correlation coefficient between Calculated Result A and the
simulated results is r = 0.63. The error stems from two main sources:
First, the slip length b cannot be accurately determined. Second, the
spatial scale of the statistics is relatively small, which means that the
statistical results may be skewed by the random thermal motion of
molecules. The simulation results of the velocity distribution correlate
well with those reported by Fu et al. [32], thereby affirming their reli-
ability. The results elucidate the driving principles of thermo-osmosis
and further clarify the interrelation between thermo-osmotic velocity,
liquid viscosity, ESE, and temperature gradient.

As illustrated in Fig. 5 (b), the calculated thermo-osmotic velocity
distribution appears to be formed by the connection of multiple line
segments with discontinuous slopes, this is attributed to the excess
specific enthalpy exhibiting sharp fluctuations at different positions. In
regions of high density, the ESE of the liquid undergoes significant
fluctuations. It can be inferred that the trend of thermo-osmotic velocity
within this domain will exhibit a marked change, corresponding to the
inflection points delineating regions of thermo-osmotic velocity alter-
ation. If the local thermo-osmotic velocity is multiplied by the molar
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density and averaged across the channel section, the TOF can be ob-
tained. Integration of the data in Fig. 5 (b) reveals that the difference of
the TOF between the theoretical calculations and the MD simulations is
about 7.0 %, which confirms the correctness of the theoretical
calculations

3.3. Simulation results and mechanism analysis

This part shows the effect of four influencing factors on thermo-
osmosis through MD simulation results and makes an analysis of the
mechanism. To reduce the measurement error of the TOF, five inde-
pendent simulations were carried out for each condition of measuring,
and the mean and standard deviation of the five simulation results were
calculated and shown in Fig. 6. The data exhibited in Fig. 6 demonstrate
a significant correlation between the TOF and system temperature, pore
size, and the hydrophilicity of the nano-porous membranes. Conversely,
the results suggest that the TOF is minimally influenced by the pore
geometry of the membrane.

3.3.1. Changes in TOF

Analysis of data from Fig. 6 demonstrates that, under the simulated
conditions, an elevated hot end temperature or a wider nanochannel will
increase thermo-osmotic flux. The effect of hydrophilicity of the porous
membrane on the thermo-osmosis is more complicated. The MD
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Fig. 6. Variation of thermo-osmotic flux (TOF) with: (a) Hot end temperature (Tj), (b) Slit height, (c) Slit geometry, and (d) Wall hydrophilicity coefficient (&),
denotes the membrane’s hydrophilicity level, defined as the ratio of solid-liquid particle potential energy intensity to that of liquid-liquid particle interactions. Error
bar: Standard deviation.
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simulation results reveal that for porous membranes with a hydrophilic
coefficient ranging from 0.6 to 10.0, the solid-liquid contact angle ap-
proaches 0°, aligning with the findings of Fu et al. [32]. Within this
range, the direction of thermo-osmosis matches the direction of tem-
perature increase, and the TOF tends to increase as the hydrophilicity
coefficient decreases. When the hydrophilicity coefficient is reduced to
0.4, the contact angle of the solid-liquid reaches approximately 43°,
resulting in a reversal of the thermo-osmosis flow corresponding to
temperature reduction. If the hydrophilicity coefficient is further
reduced to 0.2, the TOF will be further enhanced. However, lowering the
hydrophilicity coefficient of the porous membrane to 0.1 results in a
wall contact angle of 142°, preventing liquid infiltration into the interior
of the porous membrane. The model in this case is shown in Fig. A3 in
the Appendix.

In the thermo-osmotic simulations conducted by Wang et al. [39], it
is observed that when the hydrophilic coefficient approached 0.5, the
direction of thermo-osmosis reverses, and the thermo-osmotic flux of the
hydrophobic material is notably higher. Our study expands upon the
range of influencing factors and delves into the mechanisms underlying
the impact of each factor on thermo-osmotic fluxes, considering both
resistance and dynamics, as detailed in the subsequent section.

3.3.2. Changes in viscosity
To uncover the nanoscale mechanisms governing the influence of the
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specified factors on thermo-osmosis, an analysis of flow resistance and
generalized thermo-osmotic drivers was conducted. To examine the ef-
fects of the identified factors on flow resistance, the model utilized for
the thermo-osmotic simulations was employed, but the simulation pro-
cess and control factors are changed. In this segment of the research,
liquid flow was initiated by directly applying an external force, in
contrast to utilizing a temperature gradient, thus facilitating a
comparative analysis of flow resistance changes under a consistent
driving force. Flow resistance for each scenario is assessed by comparing
the pressure-driven flux (PDF) and the viscosity of the liquid [40]. The
temperature difference between the reservoirs at opposing ends is
canceled during the simulation, and the temperature of the system was
uniform. A pressure of 50 bar in the positive x-axis direction was applied
to both pistons as the external thrust to drive the liquid flow. After full
relaxation, a 15 ns MD simulation was carried out to measure and record
the PDF for each condition, with the mean viscosity of the fluid being
computed according to Eq. (23). Fig. 7 presents the compiled data for
PDF and mean liquid viscosity under the applied external force
conditions.

The data in Fig. 7 indicate that under a constant external driving
force, elevating the system temperature, enlarging the slit height, or
diminishing the hydrophilicity of the porous membrane contributes to a
reduction in liquid viscosity and an enhancement of the PDF; conversely,
altering the flow channel’s geometry has a negligible impact on the flow
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resistance.

System temperature’s major impact on liquid flow resistance is due
to higher liquid temperature leading to lower viscosity. Consequently, a
liquid at a higher temperature is expected to demonstrate a greater flux
under the identical external driving force. In the thermo-osmosis simu-
lation, maintaining the cold end’s temperature constant while elevating
the hot end’s temperature leads to an increased overall temperature of
the fluid within the flow channel, subsequently diminishing the flow
resistance.

Elevating the slit height augments the total number of fluid particles
within the flow channel, concurrently diminishing the proportion of
fluid particles attracted to the wall particles. It is evident that an increase
in the slit height mitigates the resistance of the wall particles to the
overall adsorption of fluid particles, consequently alleviating the flow
resistance within the channel.

The hydrophilicity coefficient of the porous membrane is pivotal in
dictating liquid flow resistance. A diminished hydrophilicity of the
membrane leads to a weakened interaction between solid and liquid
particles, resulting in reduced wall viscosity resistance. With a consis-
tent driving force, the smaller flow resistance of the liquid in the slit, the
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larger liquid PDF. Reducing the flow resistance of the thermo-osmosis
flow has an obvious promoting effect on the thermo-osmosis. Com-
bined with Figs. 6 and 7, it is evident that the TOF tends to be greater
under conditions of reduced flow resistance.

3.3.3. Changes in ESE

To investigate the effects of the aforementioned factors on the
generalized driving force of thermo-osmosis, the distribution of the
liquid’s ESE under various conditions was quantified. Given that the
pore geometry exerts minimal influence on both the TOF and the flow
resistance, its impact on the ESE is consequently disregarded. The liquid
within the slit is categorized into multiple segments along the z-axis, and
the intensity and orientation of the generalized driving force for each
scenario are assessed and contrasted by determining the ESE of liquid
particles within each segment. The distribution curves of ESE of the
liquid in the slit along the z-direction under each condition are shown in
Fig. 8. Because of the symmetry of its distribution in the z-direction in
the slit, only half of the ESE curves in the flow channels are drawn, and
the axis of symmetry is denoted by a vertical dotted line.

Fig. 8 (a) and (b) show that changing the system temperature and slit
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height demonstrates little effect on the ESE of the liquid in the slit, as
indicated by the near-coincidence of all curves. Only the ESE of the
liquid in the wall-attached layer fluctuates to a certain extent. According
to the analysis in section 3.2, the liquid particles in this layer show a
quasi-crystalline lattice structure under the influence of the wall parti-
cles and are unable to flow, thus the ESE of the liquid in this layer can be
neglected when calculating the thermo-osmotic velocity. Fig. 8 (c) il-
lustrates that, for walls exhibiting strong hydrophilicity, the overall ESE
within the slit registers below zero. The direction of thermo-osmotic
flow, as inferred from Eq. (19), is predicted to align with the tempera-
ture gradient; that is, the fluid tends to flow towards the hotter end.
Combined with the simulation results in Fig. 6 (c), the liquid flows to the
hotter side in the highly hydrophilic slit and to the colder side in the
weakly hydrophilic slit. A robust congruence between theoretical pre-
dictions and simulation results is evident. The data presented in Fig. 7
(a) and (b), along with Fig. 8 (a) and (b), reveal that the TOF enlarges
with the increase of the temperature at the hot end, because the increase
of the temperature not only reduces the flow resistance in the slit, but
also increases the temperature gradient of the liquid in the slit. The main
reason for the increase of TOF with the increase of slit height is that the
increase of slit height weakens the overall flow resistance of the wall to
the liquid. Eq. (19) proficiently explains the observed trends in the
variation of thermo-osmotic flow.

Fig. 8 (c) illustrates a marked impact of the hydrophilicity coefficient
on nano-porous membranes’ ESE within the slit. A higher hydrophilicity
coefficient is associated with a reduced ESE, which reflects in the
thermo-osmotic velocity formulated in Eq. (19) and encourages the
liquid to move towards the hot end. For a porous membrane with a
sufficiently small hydrophilicity coefficient, the ESE of the liquid
generally exceeds zero. Under these conditions, the thermo-osmotic flow
is in the opposite direction of the temperature gradient, with the liquid
within the slit flowing to the cooler regions. This is in line with the
simulation findings for thermo-osmosis in porous membranes featuring
hydrophilicity coefficients of 0.2 and 0.4. The aforementioned simula-
tion outcomes corroborate the calculations of thermo-osmotic velocity,
thereby verifying the accuracy of Eq. (19) and establishing the rela-
tionship between ESE and thermo-osmotic velocity.

3.3.4. Changes in the internal energy density and liquid pressure

To elucidate the cause behind variations in liquid specific enthalpy
within porous media exhibiting diverse hydrophilicity coefficients,
specific enthalpy is decoupled to the internal energy density (IED,
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denotes the internal energy of the liquid per unit volume) and liquid
pressure. Distribution curves for both IED and pressure of the liquid
within the flow channel have been separately quantified and depicted in
Fig. 9.

Comparing the simulation results of Chen et al. [24], it can be found
that the liquid pressure only fluctuates greatly near the wall, which
shows that the results of the present simulation are credible. The curves
reveal that with an ascending hydrophilicity coefficient of the porous
membrane, there is a downward trend in internal energy density,
alongside a continuous rise in liquid pressure, most notably within the
particle layers adjoined to the wall. Analyzing the trend of curves in
Fig. 9, the pressure of the liquid particles in the wall-attached layer is
more sensitive to the change of the hydrophilicity coefficient of the
porous membrane compared to the internal energy density, which is the
reason that the ESE of the liquid in the wall-attached layer rises instead
when the hydrophilicity coefficient of the wall is increased to 10.0.

Through variations in IED and pressure, the underlying cause for
alterations in liquid specific enthalpy can be elucidated. Modifications in
the hydrophilicity coefficients of the wall material induce changes in the
configuration of liquid particle arrangements. Based on the potential
function, it is evident that the interaction forces between solid-liquid
inter-particles and liquid-liquid inter-particles are subject to alter-
ation. Consequently, the hydrophilicity coefficients of the wall material
exert an influence on the liquid-specific enthalpy.

4. Conclusion

In this study, we refined the equation for calculating the thermo-
osmotic velocity distribution within a slit to incorporate the spatial
variation of fluid viscosity. We also defined the effective thermo-osmotic
region to eliminate the effects of near-wall adhesion and density strat-
ification on the calculation of the thermo-osmotic velocity. By synthe-
sizing these two improvements, we achieved a quantitative calculation
of the thermo-osmotic velocity distribution. Under the conditions of a
temperature difference of 24 K and a slit height of 2.89 nm, the average
thermo-osmotic velocities obtained through MD simulation and the
improved computational method were -0.113 m/s and -0.105 m/s,
respectively. Despite the influence of irregular molecular thermal mo-
tion, the correlation coefficient of the thermo-osmotic velocity distri-
bution obtained through calculation and simulation was approximately
0.63. The error in the TOF derived from the integration was only about
7.0 %. Conversely, if the traditional method that neglected viscosity
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Fig. 9. Distribution curves of liquid: (a) Internal energy density (IED, internal energy per unit volume) and (b) Pressure in the slit.
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variations was employed, the calculated average thermo-osmotic ve-
locity within the slit was 0.036 m/s, which significantly differed from
the simulation results both in magnitude and direction. This inconsis-
tency highlighted the crucial need for the enhancements implemented in
the traditional thermo-osmotic velocity calculation method.

In order to further exploring the control method of thermo-osmosis,
the effects of temperature, slit height, slit geometry and the hydrophi-
licity of membrane material on the thermo-osmosis were systematically
examined. Building upon this foundation, an in-depth analysis was
conducted to explore the effects of these factors on resistance and
driving force, clarifying the underlying mechanisms of their influence.
Within the simulation parameters, an elevation in the hot end temper-
ature and an increase in the slit height both result in an augmented
thermo-osmotic flux. These two factors primarily affect the flux by
altering flow resistance, with the former also impacting the temperature
gradient. Notably, the membrane’s hydrophilicity exerts a multifaceted
effect on thermo-osmosis; not only can it alter the magnitude of the
thermo-osmotic flux by 3 to 10 times, but it can also reverse the direc-
tion of the thermo-osmotic flow. Furthermore, utilizing our derived
Equation (19), these changes can be aptly explained by the variations in
liquid viscosity and excess specific enthalpy. Therefore, the theoretical
investigation presented in this study is crucial for elucidating the causes
of variations in thermo-osmosis and for establishing optimization
criteria for thermo-osmosis across various applications.

Consequently, this investigation reveals key aspects of the thermo-
osmotic mechanism and offers strategic guidelines for the
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development of effective regulatory methods, thereby facilitating pro-
active utilization of thermo-osmosis in various practical contexts.
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Fig. Al. Thermal osmosis with reverse pressure gradient: (a) Model schematic, apply 1 bar pressure to the cold end piston and change the pressure applied to the hot

end piston; (b) Particle transfer number, transfer to the hot end is positive.

It can be found that when 1 bar pressure is applied at the hot end, the pressure at both ends of the slit is balanced, and the fluid particles are driven
by thermal osmosis to move toward the hot end. When the pressure at the hot end is increased to 10 bar, the speed of the fluid particles moving towards
the hot end decreases significantly, but the particles are still able to transfer against the pressure gradient, indicating that the thermal osmosis has the
ability to transfer the thermal energy into the pressure potential energy. If the hot end pressure continues to increase to 50 bar, the fluid particles are
mainly driven by pressure and move to the cold end, indicating that the ability of thermal osmosis to drive particles to transfer against the pressure

gradient is limited.
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Fig. A2. Particle distribution of thermo-osmotic fluid
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Fig. A2 shows the distribution of thermo-osmotic fluid particles in the nano-slit. Obviously, the particles are arranged hierarchically in the slit, and
the fluid particles near the wall are neatly aligned with obvious quasi-lattice properties.
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Fig. A3. Modeling of gas-gap thermo-osmosis at a wall hydrophilicity coefficient of 0.1. The hydrophilicity coefficient £ denotes the membrane’s hydrophilicity level,
defined as the ratio of solid-liquid particle potential energy intensity to that of liquid-liquid particle interactions.

Fig. A3 shows that when the hydrophobicity of the wall material is enhanced to a certain degree, the liquid will not be able to infiltrate the nano-
channels, and only a small amount of gaseous particles are free in the channels. At this time, the liquid-gap thermo-osmosis is transformed into gas-gap
thermo-osmosis, and the transfer of particles only depends on the evaporation and condensation rate of the fluid at both ends.
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