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ABSTRACT

This study employs molecular dynamics simulations
to investigate how nanostructures influence the wetting
behavior of CO, droplets by varying the solid-liquid
interaction coefficient (a), surface feature size, and
surface configuration. The results reveal that increasing
o drives the transition of droplets from the Cassie state
to the Wenzel state. Under identical a, the contact angle
on square pillar surfaces is larger than on smooth
surfaces. Notably, at ¢ = 0.14, introducing a pillar
structure can switch the surface from CO,-philic to CO,-
phobic. Further modifications in pillar height and solid
fraction induce a Wenzel-to-Cassie transition,
significantly increasing the contact angle and reducing
CO,—surface interaction energy. Surfaces featuring
square pillars, cylinders, or grooves exhibit similar effects
in tuning droplet wetting. These insights provide
valuable guidelines for optimizing materials and surface
designs to enhance CO, condensation and liquefaction
efficiency.
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NONMENCLATURE
Abbreviations
CO, Carbon Dioxide
FCC Face-centered cubic
L Lennard-Jones
MD Molecular dynamics
Symbols
H Pillar height
q Charges carried by the atom
rij Distance between two particles

Side length

Spacing of the groove structure
Solid fraction

Solid-liquid interaction coefficient
Depth of the potential well
Vacuum permittivity

Equilibrium distance

Diameter of he cylinder structure
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1. INTRODUCTION

CO; is one of the main anthropogenic greenhouse
gases!!, and emissions caused by industrialization and
fossil fuel consumption are intensifying global warming,
posing a potential threat to human survival and creation.
Recently, major efforts have been made in carbon
capture @ and storage P! from fixed sources and in
developing clean energy ™ to reduce anthropogenic CO;
emissions, thus slowing and reversing the process of
global warming Pl. Among these, carbon capture,
utilization, and storage (CCUS) technology '® has
garnered significant attention, as it captures CO;
emissions from fossil fuel power generation and
industrial processes for reuse or sequestration ”, and is
considered one of the most effective strategies to
combat CO, emissions . The liquefaction of CO; is a key
processing step in CCUS technology '*%, Once liquefied,
CO; significantly reduces in volume, making it easier to
transport over long distances and in large quantities via
pipelines, ships, and other means. This not only reduces
transportation costs but also enhances transportation
efficiency 12 Additionally, liquid CO; is safer during
storage and transportation compared to gaseous CO, 3],
During the liquefaction process, the wetting behavior of
CO, droplets on heat exchange surfaces directly impacts
condensation and heat transfer efficiency . Therefore,
understanding the wetting behavior of CO; droplets on
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heat exchange surfaces [** is fundamental to grasping
the mechanisms of CO, condensation and heat transfer,
aiding in better controlling the condensation process ¢,
optimizing the liquefaction process, and promoting the
broad application of CCUS technology.

Wettability refers to the ability or tendency of a
liquid to spread on a solid surface 7!, which is mainly
determined by the characteristic interaction energy
between the droplet and the surface 18, the morphology
of the solid surface %, and the presence of external
fields 2% and is commonly described by the contact
angle. Based on the contact angle of droplets on the
surface, surfaces can be classified into hydrophilic and
hydrophobic surfaces, and designing material surfaces
with different wettabilities can meet diverse engineering
requirements 2. For smooth surfaces, increasing
surface hydrophobicity to obtain larger contact angles is
mainly achieved by reducing the surface energy of the
solid surface, i.e., by altering the chemical composition
of the surface 2. Due to the lack of need for external
energy input and lower material property requirements,
the advantages of controlling droplet wettability by
altering the surface microstructure are becoming
increasingly prominent 3. There are primarily two
wetting states for droplets on structured surfaces: the
Wenzel state and the Cassie state 4. In the Wenzel
state, droplets fully wet the structured surface, filling the
surface voids. Conversely, in the Cassie state, droplets
only wet the tops of the surface protrusions.
Additionally, there is a partially wetted PW state where
droplets only infiltrate part of the structural gaps 2°.

The Wenzel state and Cassie state, the two typical
wetting states, each have their pros and cons in the field
of heat and mass transfer. The larger solid-liquid contact
area in the Wenzel state enhances heat transfer between
the droplet and the surface, but it also results in a more
significant adhesion effect %!, Although the vapor within
the surface structure gaps in the Cassie state provides
the droplet with excellent mobility, it also increases the
thermal resistance for heat transfer between the droplet
and the solid surface ?. Many researchers have
investigated the transition of droplet wetting states on
structured surfaces 28129 Wuy et al. 3% studied the
wetting behavior of R32, R1234yf, and R32/R1234yf
nanodroplets on square pillar substrates. When the
structure height is constant, with larger structure
spacing, the droplet wetting state tends toward the
Wenzel state. When the structure spacing is fixed, with
higher structure height, the droplet wetting state tends
toward the Cassie state. Additionally, within the studied
structures, the position of the wetting state transition

line is not sensitive to droplet size. Yan et al. BY

investigated the transition of droplet wetting states
induced by surface roughness in the gallium-carbon
system. When the surface roughness is greater than 1.8,
gallium droplets are in the Cassie state, whereas when
the surface roughness is less than 1.6, gallium droplets
are in the Wenzel state. The aforementioned studies
indicate that the wetting state of droplets on structured
surfaces is closely related to structure height, spacing,
roughness, and other factors.

As a low surface tension fluid 2, maintaining a
stable CO; droplet state and conducting contact angle
measurement  experiments in  low-temperature
environments is extremely challenging, and there have
been no relevant experimental data reported so far.
Fortunately, with the advancement of computer science,
molecular dynamics (MD) simulation, as a powerful tool
for studying nanoscale processes and mechanisms B3,
has been effectively used for in-depth research into the
wetting behavior of droplets at the nanoscale B4,
Yaghoubi et al. % used MD simulation methods to create
grooves of different depths and widths on graphite
substrates to study the effect of surface roughness on
the wettability behavior of nanodroplets. Wu et al. 3¢
used MD simulation to study for the first time the
wetting behavior of CO, droplets on smooth solid
surfaces, and the results indicated that the contact angle
of condensed CO; droplets is significantly influenced by
energy interaction parameters. Yin et al. 7 used MD
simulation to investigate the wetting characteristics of
CO, droplets on smooth and randomly rough substrate
surfaces. The capillary drying of liquid CO, molecules in
the structural gaps at the three-phase contact line of the
droplet results in an increase in contact angle with
increasing surface roughness density, transforming a
CO,-philic surface into a CO,-phobic surface.

In previous work, we have investigated the wetting
and condensation characteristics of CO, droplets on
smooth solid surfaces ***3, Building on this, this paper
focuses on how to adjust the wetting characteristics of
CO, droplets on solid surfaces. Enhancing surface
microstructures isa common method to regulate wetting
performance 38, Thus, understanding the wetting state
of CO, droplets on various nanosurfaces and structures
is of significant practical importance. In view of the
current lack of experimental data on the contact angles
of CO, droplets on different material surfaces, we
simulated the wetting behavior of CO, droplets on
various material surfaces by adjusting the interaction
strength between CO; and the surface atoms. This study
constructed three types of nanostructures on smooth



substrates and simulated the wetting behavior of CO;
droplets on various structured surfaces. By adjusting the
structure size and surface configuration, the regulatory
effects of nanostructures on the wetting characteristics
of CO; droplets were studied. These findings are
expected to help us understand the impact of
nanostructured surfaces on CO, wettability, providing
guidance for optimizing the materials and surface
structure design for CO, condensation, thus improving
CO;, liquefaction efficiency.

2. MODELS AND METHODS

As shown in Fig. 1, the MD simulation system for
droplet wetting consists of a solid structured surface and
a nano CO; droplet, with the structured surfaces
composed of arrays of square pillars, grooves, and
cylinders. Taking the nano square pillar structure surface
as an example, in the simulation system, a spherical CO;
droplet is positioned above the nano structured surface,
with the droplet center 53.87 A from the Cu substrate.
The dimensions of the simulation domain are 160 x 160
x 100 A%, with an initial droplet radius of 40 A, composed
of 4000 CO, molecules. The structured surface is
composed of Cu atoms arranged in an FCC lattice
structure with a lattice constant of 3.61 A. Due to the
attraction of the substrate, the CO, droplet will gradually
deposit on the nano structure and reach equilibrium. For
boundary conditions, periodic boundaries are applied in
the x and y directions, and non-periodic boundaries with
reflective walls are used in the z direction.

(b)

(c) (d)
Fig. 1. MD simulation system

The TraPPE_flex model is used to simulate the
interactions between CO, molecules. This model can

effectively describe the gas-liquid equilibrium properties
and surface tension of CO,, as well as other physical
parameters 39, In the TraPPE_flex model, the interaction
potential energy is expressed as follows:
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where rjrepresents the distance between atom pairs i
and j, gj represents the depth of the L potential well, o;
represents the distance between atoms when the LJ
potential is zero, gi and g; represent the charges carried
by the atoms, &y represents the vacuum permittivity, and
the force constants k, and kg are used to describe bond
elasticity and bond angle bending.

The interaction between CO. and solid atoms is
described by the LJ 12-6 potential, and the interaction
parameters are calculated using the Lorentz-Berthelot
mixing rules 149,
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where oc=2.800 A, ec= 0.0536 kcal/mol, go= 3.050 A, o
=0.1569 kcal/mol, ocy = 2.616 A, ec, = 4.72 kcal/mol 11,
a is the solid-liquid interaction coefficient, indicating the
relative magnitude of the material's surface energy. The
larger the value of a, the higher the surface energy of the
substrate, and the more CO,-philic the surface.
Therefore, by changing a, the interaction strength
between the solid and fluid can be adjusted, thus
achieving control over wettability.

In this study, LAMMPS “2 was used for MD
simulations, and OVITO ™3 was used for visualizing the
simulation results. The simulation includes three
processes: energy minimization, equilibration, and
dynamic calculation. In the energy minimization phase,
the initial model was optimized using the conjugate
gradient method. In the equilibration phase, the NVT
ensemble was applied to the entire system, and the
system temperature was controlled to stabilize at 220 K
using a Nose-Hoover thermostat. To prevent the drift
and vibration of Cu atoms, the atoms on the structured
surface were fixed near their equilibrium positions.
Subsequently, the NVT ensemble was removed, and the
NVE ensemble was used for the integration calculation of
the CO; droplet. Long-range Coulomb interactions were
calculated using the PPPM method with an accuracy of
107 and a time step of 1 fs.



3. RESULTS AND DISCUSSION

3.1 The influence of interaction strength on droplet
wetting

This section mainly investigates the effect of the
solid-liquid interaction coefficient a on the CO, wetting
process on a structured surface with a square pillar
spacing S of 13.685 A and a pillar height H of 15.195 A. As
a control group, the wetting process of CO, droplets on a
smooth solid surface with the same a values was also
simulated. a was set to 0.06, 0.08, 0.10, 0.12, 0.14, and
0.16, to transition the smooth solid surface from CO,-
phobic to CO,-philic.

Simulation results show that the wetting process can
be divided into three stages: in the first stage, the CO;
droplet gradually approaches the solid structured
surface under the influence of Coulomb and short-range
forces; in the second stage, the CO, droplet begins to
infiltrate into the gaps between the square pillars; in the
third stage, the CO, droplet reaches a stable state,
characterized as either the Wenzel state or the Cassie
state. The final wetting morphologies of CO, droplets on
the square pillar structured surface for different a values
are shown in Fig. 2.
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Fig. 2. Wetting morphologies of CO, droplets on the
square pillar structured surfaces

The simulation results show that the contact area
between the CO, droplet and the tops of the pillars varies
with a. When ais between 0.06 and 0.08, the CO, droplet
exhibits a spherical cap morphology above the square
pillar structured surface, tending more towards the
Cassie state. When o increases to 0.10, although the
droplet still exhibits a spherical cap morphology on the
pillar surface, it can partially infiltrate into the grooves
between the square pillars, beginning to show the
Wenzel state. When o further increases to 0.16, the
droplet gradually spreads over the structured surface,
with CO, completely infiltrating into the grooves, and the
square pillar structured surface is fully wetted by the CO;
droplet. At the same interaction strength, the droplet

exhibits different wetting morphologies and contact
angle characteristics on smooth and structured surfaces.

Fig. 3 shows the two-dimensional density contour
plots of CO, droplets on square pillar structured surfaces
with different wetting properties. As a increases, the Cu-
CO; interaction strength increases, making the droplets
more easily attracted to the CO,-philic structured
surface. When a is 0.12 and 0.14, although the smooth
surface already exhibits CO,-philic properties, the
spherical cap morphology on the square pillar structured
surface still shows CO,-phobic effects, with weaker
wetting than the smooth solid surface. When a is 0.14, a
significant layered high-density region is observed in the
density contour plot, with the surface adsorbing multiple
layers of CO, molecules. Therefore, changing the
interaction strength also alters the density distribution
and adsorption layer structure of the droplets on the
structured surface.
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Fig. 3. Representative density contour plots of Droplets on
the square pillar structured surfaces

As shown in Fig. 4, the distribution of droplet density
along the z-direction reveals that with the decrease in
interaction coefficient, the number of peaks in the
droplet density along the z-axis significantly decreases,
and the plane density of the adsorption layer decreases,
which is consistent with the pattern observed on smooth
surfaces. Compared to smooth surfaces, when a is small
and the surface exhibits CO,-phobic properties, the
number of adsorption layers and the density of
adsorption layers of CO, droplets on the structured
surface are lower. This is mainly due to the smaller
contact area between the droplet and the solid surface,
which reduces the interaction energy between the solid
surface and the droplet, resulting in a smaller increase in
the local CO; density near the pillar surface. This implies
that the square pillar structure can further enhance the



CO,-phobic properties of CO,-phobic surfaces. The
number of CO; layers near the pillar structure surface is
less than that near the smooth surface. However, in the
region below the pillar structure surface where z< 20 A,
the CO, density is higher than that of gaseous CO,,
corresponding to the partial infiltration of the suspended
droplet into the grooves between the pillars.
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Fig. 4. CO2 Density distribution along the z-direction on
solid surfaces. (a) Smooth solid surface. (b) Square pillar
structured surface

Fig. 5 shows the variation of CO, droplet contact
angle on smooth and structured surfaces with
interaction strength. It can be seen from the figure that
when the interaction coefficient a increases from 0.06 to
0.16, the contact angle of droplets on the structured
surface monotonically decreases from 160° to 55°, which
is consistent with the pattern observed on the smooth
surface. However, under the same a condition, the
contact angle on the structured surface is always greater
than that on the smooth surface, demonstrating the
potential of the structured surface to enhance CO»-
phobic properties. Moreover, when a = 0.14, the
transformation from CO,-philic to CO,-phobic surface
can be achieved by applying pillar structures to the
smooth solid surface. Therefore, the wettability of liquid
CO: on solid surfaces can be fine-tuned by constructing
pillar structures.
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Fig. 5. Variation of droplet contact angle on smooth and
structured surfaces

3.2 The effect of square pillar structural parameters on
wetting behavior

The height of the square pillar structure is H, the side
length is W, and the spacing between pillarsis S. The solid
fraction of the structured surface can be expressed as F=
W?/(S +W)2. To study the effect of geometric parameters
of the square pillar structure on CO, droplet wetting,
different solid fractions F (56.25%, 42.25%, 30.25%,
20.25%) and different heights H (10.8 A, 14.4 A, 18.0 A,
21.6 A, 25.2 A) of the nanostructured surface were
designed, with S + W = 40 A. Since the focus of this
section is on how to adjust the wetting state of CO;
droplets, it is necessary to ensure the transition of the
droplet wetting state within the studied range of
structural parameters. Through simulation in section 3.1,
the optimal value of a was found to be 0.08. The wetting
state of CO; droplets on different structured surfaces is
shown in Fig. 6.
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Fig. 6. Wetting states of droplets on different
nanostructures

When the solid fraction is constant, the higher the
structure height, the stronger the CO,-phobic nature of
the surface, and the wetting state tends towards the



Cassie state. When the structure height is constant, the
smaller the solid fraction, the stronger the CO,-philic
nature of the surface, and the wetting state tends
towards the Wenzel state. Therefore, the solid fraction F
and the pillar height H show a synergistic effect in
determining the final wetting state of CO..

As illustrated in Fig. 7(a), when the droplet is in the
Cassie wetting state, a decrease in the solid fraction of
the square column surface leads to a reduction in the
contact area between the CO, droplet and the structured
surface, thereby lowering the interaction energy
between the CO; droplet and the structured surface.
However, when the decrease in the solid fraction of the
square column surface causes the CO, droplet to
transition from the Cassie state to the Wenzel state (Fi-
3Ha vs. F4Ha), the contact area between the CO, droplet
and the structured surface suddenly increases, thus
significantly increasing the interaction energy between
the CO, droplet and the structured surface, which is
higher than the solid-liquid interaction energy in all
Cassie states.
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Fig. 7. Interaction energy between the solid surface and
CO.. (a) Different F. (b) Different H

Similarly, as depicted in Fig. 7(b), when the droplet is
in the Wenzel wetting state (FsHi3), an increase in the
height of the square column results in almost no change
in the contact area between the CO, droplet and the
structured surface, thus the interaction energy between

the CO, droplet and the structured surface does not
show a significant change. When the droplet is in the
Cassie state (FsHas), an increase in the height of the
square column results in almost no change in the contact
area between the CO; droplet and the structured
surface, thus the interaction energy between the CO;
droplet and the structured surface also remains
unchanged. However, when an increase in the height of
the structure causes the CO, droplet to transition from
the Wenzel state to the Cassie state, the contact area
between the CO, droplet and the structured surface
suddenly decreases, thus the interaction energy
between the CO, droplet and the structured surface
suddenly decreases, and is lower than the solid-liquid
interaction energy in all Wenzel states. Therefore, when
an increase in the solid fraction or the height of the
structure causes the CO, droplet to transition from the
Wenzel state to the Cassie state, the interaction energy
between CO; and the structured surface significantly
decreases.

The contact angles of CO, droplets on 20 different
structured surfaces were calculated, and the results are
shown in Fig. 8. The contact angle varies with the change
in structural size. Compared to a smooth surface, the
static contact angle of CO, droplets on the solid surface
increases with the addition of square pillar
microstructures, indicating that the square pillar
microstructures enhance the CO,-phobicity of the
substrate surface. Combining the wetting state results in
Fig. 7, it can be seen that when the droplets remain in
the Wenzel state or Cassie state, changes in the square
pillar structure parameters do not cause significant
changes in the static contact angle. However, when
changes in structure height and solid fraction cause the
droplets to transition from the Wenzel state to the Cassie
state, the static contact angle of CO; droplets increases
significantly. For the square pillar structures, although
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Fig. 8. Variation of CO2 droplet contact angles on different
structured surfaces




increasing the pillar height or the solid fraction can both
cause the wetting state of CO, droplets to transition from
the Wenzel state to the Cassie state, the contact angle
does not change uniformly with changes in pillar height
and solid fraction.

3.3 The influence of surface structure configuration on
droplet wetting

To investigate whether the wetting behavior of CO,
droplets varies with surface configuration, three types of
structured surfaces were set with different structure
heights and spacings to simulate the wetting states of
CO, droplets. The structure spacings S were set to 11.88
and 19.10 A, and the structure heights H ranged from
4.365 to 18.805 A. In addition, the square pillar structure
had a side length W, the groove structure had a spacing
T, and the cylinder structure had a diameter @, all equal
to 17 A. The coefficient o was set to 0.08, resulting in the
Cu substrate exhibiting CO,-phobicity.

As shown in Fig. 9, with the same structure spacing,
as the structure height increases, CO, droplets on all
three surfaces transition from Wenzel to Cassie wetting
states. When the structure spacing S is 11.88 A (Fig. 9a),
CO, droplets exhibit a partially wetting (PW) state on the
groove and pillar surfaces, which is an intermediate
transition state from Wenzel to Cassie states. The reason
for the different states of the droplets lies in the change

(a)

Groove
Square column

Circular column

4.365 7.975 11.585

smaller, hence the attraction force is maximized. This
results in the Wenzel state for CO, droplets. With
increasing structure height, the attraction and
supporting forces decrease, allowing the vertical
component of interfacial tension to dominate.
Therefore, the droplet transitions from the Wenzel state
to the Cassie state. When the structure spacing S is
increased to 19.10 A (Fig. 9b), the interaction force
between CO, molecules and substrate atoms increases
compared to S = 11.88 A, requiring further increases in
structure height to allow the vertical component of
interfacial tension to dominate, thus transitioning CO;
droplets from the Wenzel to the Cassie state.

As shown in Fig. 10, the static contact angles of CO,
droplets on three different configurations of rough
surfaces were calculated.

Compared to smooth solid surfaces, the static
contact angles of CO; droplets on various
microstructured surfaces all increase, indicating that
microstructures enhance the CO;-phobicity of the
substrate surface. It can be observed that when CO;
droplets remain in the Wenzel or Cassie states, the static
contact angle changes are not significant. However,
when changes in structure size cause a transition in
wetting states, the static contact angle undergoes
noticeable changes. Taking the cylindrical structure
surface as an example, as the wetting state transitions
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Partially Wetting

Wenzel

15.195  18.805 Wetting state

Structural height (A)
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Fig. 9. Wetting states of CO2 droplets on structured surfaces. (a) $=11.88 A. (b) $=19.10 A

in interaction between CO, molecules and substrate
atoms, leading to competition between supporting
force, attraction force, and the vertical component of
interfacial tension. At lower structure heights, the
distance between the droplet and the substrate is

from Wenzel to Cassie (at S = 11.88 A, H ranges from
11.585 A to 15.195 A; at S = 19.10 A, H ranges from
15.195 A to 18.805 A), the static contact angle of the
droplet significantly increases. Additionally, it was
observed that when W =T = @, the contact angles of CO,



nanodroplets on three different rough surface
configurations are similar.

4. CONCLUSIONS

Fig. 10. Contact angles of CO2 droplets on structured
surfaces. (a) S =11.88 A. (b) S=19.10 A

The determination of the regulatory role of
nanostructures in controlling the wetting behavior of CO;
droplets holds significant practical implications for
advancing CCUS technologies. This study, based on
molecular dynamics simulations, investigated the impact
of nanostructures on the wetting properties of CO;
droplets by adjusting the strength of solid-liquid
interactions, nanostructure dimensions, and surface

configurations. The main conclusions of this study are as
follows:

(1) The wetting behavior of CO; droplets on solid
surfaces can be finely tuned by constructing pillar-like
structures. Under the same a conditions, the contact
angle on structured surfaces is greater than that on
smooth surfaces. Specifically, when o = 0.14, treating a
smooth solid surface with pillar-like structures can
achieve a transition from CO;-philic to CO,-phobic
surfaces, demonstrating the potential of pillar structures
to enhance surface CO-phobicity. Furthermore, by
varying the interaction parameter a, that is, adjusting the
surface energy of the substrate, the wetting state of CO,
droplets transitions from the Cassie state to the Wenzel
state.

(2) For square pillar structures, when the structure
height is constant, a smaller solid fraction enhances
surface CO,-philicity, leading to a tendency towards the
Wenzel state in the wetting state of droplets. With a
fixed solid fraction, increasing structure height enhances
surface CO,-phobicity, leading to a tendency towards the
Cassie state in the wetting state. When CO; droplets
transition from the Wenzel state to the Cassie state, the
interaction energy between CO; and the structured
surface significantly decreases.

(3) For a given interaction parameter a = 0.08, due to
the reduced liquid-solid contact area of the droplet, the
interaction between the droplet and the solid substrate
weakens, significantly increasing the contact angle on
the square pillar structure surface. Moreover, when
changes in structure height and solid fraction cause the
droplet to transition from the Wenzel state to the Cassie
state, the static contact angle of CO, droplets increases
significantly.

(4) Three types of structured surfaces were
constructed using square pillars, cylinders, and grooves
as structural units. These surface configurations all play
an equal role in adjusting the wetting state of CO;
droplets. Furthermore, the addition of different surface
microstructures increases the contact angle of CO;
droplets, enhancing the CO,-phobicity of the substrate in
various configurations.
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