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Abstract: CO- capture by dropwise CO- condensation on cold solid surfaces is a promising technology.
Understanding the role of nanoscale surface and topographical features on the CO2 droplet wetting
characteristics is of importance for CO> capture by this technology, but this remains unexplored yet.
Here, using large-scale molecular dynamics (MD) simulations, the contact angle and wetting behaviors
of CO; droplets on pillar-structured Cu-like surfaces are for the first time investigated. Dynamic

wetting simulations show that, by changing the strength of the solid-liquid attraction &, ¢, , Smooth

Cu-like surface offers a transition from CO2-philic to CO.-phobic. By periodically pillared roughening
of the Cu-like surfaces, however, a higher contact angle and a smaller spreading exponent of liquid
CO2 droplet are realized. Particularly, a critical crossover of CO2-philic to CO2-phobic can appear. The
wetting of pillared surfaces by liquid CO droplet is non-uniformly proceeded. The liquid CO> droplet

is capable of exhibiting a transition from the Cassie state to the Wenzel state with increasing &, o, »

increasing inter-pillar distance and increasing pillar width. The wetting morphologies of metastable
Wenzel state of the CO> droplet are very different from each other. The findings will inform the
ongoing design of CO.-phobic solid surfaces for practical dropwise condensation-based CO, capture

applications.
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1. Introduction

Carbon dioxide (COy) is one of the predominant greenhouse gases in strengthening the global climate
change. Remarkable reduction in anthropogenic release of CO; gas is urgently required to mitigate and
reverse the global warming process for environmental protection and sustainable development. On the
other hand, CO- is also an important substance for versatile practical applications, for example, as a
carbon source for producing many chemicals'-. Carbon capture and storage (CCS) from large-scale
emission sources not only brings economic benefits but also mitigates global climate change concerns*
% As a key step in the CCS process, the CO; capture dominates the total cost®. Therefore, developing
a practical and economically viable approach for CO> capture is currently not only a scientific research

interest but also a social issue for environmental protection.

In the past few decades, there have been a number of techniques proposed for CO2 capture,
including physical/chemical absorption, adsorption, membrane, gas hydrate, etc*’. However, each
standalone technology is facing several challenges. For instance, the drawbacks of absorption-based
technique include high corrosion rate of equipment, degradation of solvent, negative environmental
impact of solvent emission, etc® 8% Adsorption-based CO> capture process shows disadvantages of
relatively low CO; selectivity, low adsorption rate, sorbent degradation, attrition in cyclic operation,
intermittent operation, and so on® 13, Membrane-based approach is plagued with requirement of
compression for driving force, requirement of high selectivity, fouling effect, high surface area of
membrane, moisture induced low permeability of polymer membrane, etc'*’. Hydrate-based CO>
capture shows low efficiency due to other molecules trapped in the clathrate cage structures and
secondary pollution of clathrate hydrate promoter'®2°. As a result, there is thus still a request to develop

alternative cost-effective methods for large-scale CO> capture.

Very recently, inspired by that bulk water is collected from fog or humid air atmosphere through
water droplet condensation on solid surfaces with hydrophobicity 21?2 or hierarchical nanostructures?

24 a promising technology of CO; capture based on dropwise CO, condensation on cooled structures
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was accordingly suggested?®-?¢, Similar to the case of water, it is expected that liquid CO2 droplets
nucleate onto cold CO2-phobic surfaces in a CO2 vapor environment. Under the action of gravity and
gas streams, nucleated/condensed droplets can be readily collected from the surfaces, enabling a
potentially improved low-temperature capture technique. A key advantage of the low-temperature
process is that the captured CO> is produced directly in the liquid state and does not need energy-
intensive processing before it can be transported away. The benefit of CO, capture by this technology
is controlled by the CO»-phobicity of contacting surfaces. Particularly, the wettability, evaporation and
condensation of CO2/solid wall systems play a key role in this novel technology. Because CO: is often
utilized in petroleum engineering, for example, CO2-enhanced gas and oil recovery (CO2-EGR and
CO,-EOR) in depleting petroleum fields?*°, a large number of experimental and theoretical
investigations have focused on the wetting properties in confined structures under different
environments®#, As an example, using molecular simulations, the microstructures, dynamics, and
recovery rate of CO2-EOR in nanochannels were investigated®. Using large-scale molecular dynamics
(MD) simulations, in the presence of a bulk aqueous phase, supercritical CO2 forms a non-wetting
droplet above the hydrophilic kaolinite surface, whereas in the presence of bulk supercritical CO2, non-
wetting aqueous droplets interact with the hydrophobic kaolinite surface via a mixture of adsorbed
CO2 and H20 molecules®. It is also revealed that the presence of CO; gas alters the wetting behaviors

of water droplet on solid surfaces®®: 38 41-42,

To date, however, fundamental research on the wetting, evaporation and condensation behaviors
on solid substances in CO. atmosphere without confinement are largely limited, but this is of crucial
for dropwise condensation-based CO> capture. As is well-known, by engineering micro-/nano-textured
surfaces, hydrophobic surfaces can become more hydrophobic, or even super-hydrophobic**46. A
question immediately arises as to whether textured structures will alter or enhance their CO2-phobicity

similar to hydrophobic surfaces? In the present work, the contact angle and wetting behaviors of a CO>
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droplet on Cu-like solid substrate with pillar-structured surfaces are for the first time characterized by

means of large-scale MD simulations.
2. Models and Method

Because copper (Cu) material shows excellent heat transport properties, a Cu substance is considered
into investigation in this study. To examine the effects of surface roughness on the wetting
characteristics of CO> droplets, five distinct nanotextured surfaces that are structurally characterized
by a square pillar array with constant height H = 100.0 A, varying width w and inter-pillar spacing w
in the range of around 10.7 - 71.4 A, are generated. In addition, a flat surface is also created as a
reference. Figure 1a and b shows the molecular models containing a smooth surface and a pillared
surface withw = 71.4 A, respectively. All investigated substrates are composed of Cu atoms with face-
centered-cubic (fcc) latticed arrangement and show identical horizontal xy dimensions of 428.6 %<428.6
A2, The top surfaces of all substrates are the (100) surface that shows low surface energy. A cuboid
CO; droplet with fcc latticed arrangement is initially placed over the surface with a gap of 10 A. The
droplet relaxes into a spherical liquid shape in the initial part of the simulation before touching the
solid surface. Figure 1c presents an atomic model of partial pillar-structured surface with H = 100.0A

andw =714 A

To describe the interactions of atoms in the systems, a hybrid forcefield is employed. For the fcc Cu
substrate, a many-body forcefield of the embedded-atom-method (EAM) is utilized to mimic the
atomic interactions*’. Based on this EAM potential, the total potential energy of a metallic system is
expressed as*

E:%ZU (r)+2U(7)
i i (1)

where U (rij) and U ( ,Bi)are a pairwise potential with respective to the atomic distance of atom i and

j, and the embedding energy for placing an atom i into the host electron density that is calculated from
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other atoms in the system. This EAM forcefield reproduces the structural and mechanical properties

of perfect and defects-contained Cu materials*’.

With regard to the case of CO>, a coarse-grained (CG) forcefield named as SAFT-y Mie potential*®
is employed to describe the intermolecular interactions of the CO_ system. The function of the SAFT-

y Mie potential is mathematically written as*®

retnnf(d 2

with

O e J(&J

where d,gand o are the distance between CG CO. molecules, the well depth of the Mie potential

@)

and the diameter of the CG CO, molecules, respectively. In this study, the parameters o, 4, and A,

in the Mie potential of CG CO> particles are taken as 3.741, 6.66 and 23.0, respectively®. It was
showed that the SAFT-y Mie potential with those parameters can efficiently and accurately predict the

structural and dynamics properties of vapor, liquid and vapor-liquid CO; systems?5 505,

As for the unlike-pair atomic interactions between substrates and COz, the Mie potential is also used.
To well investigate the wetting morphology of CO. droplet, the critical energy interaction parameter
is simply changed from 0.005 - 0.015 eV for fully covering the wetting properties of Cu-like surface
from CO2-phobic to CO-philic. A cutoff of 15.0 A is assigned for the interactions of the Mie potential,

which is over 4-folds of both o for the CO» Mie and for the unlike interactions.

For the CO./Cu systems as shown in Figure 1a and b, periodic boundary conditions (PBCs) are
adopted in the horizontal 2D xy dimensions, while the vertical z direction is non-PBC to avoid the

interatomic interactions between top CO2 molecules and bottom layers of substrate. To maintain a

6/28



constant volume, a virtual wall is placed at the top with vertical position of 300.0 A. To prevent CO>
molecules fleeing to the vacuum space, this virtual wall is able to exert repulsive force onto each CO>

molecule with the magnitude defined by

0, r<R )

where k is an effectively spring force constant, and r is the distance from CO particle to the virtual
wall. R is the cutoff at which the wall-particle interaction energy is zero. In this study, the spring
constant k and the cutoff R are taken as 0.1 kcal/(mole A2) and 5.0 A, respectively. It is noted that the
setup of those values of parameters in our MD simulations effectively prevent the escape of CO>

molecules and does not affect the morphologies of liquid CO> droplet by the virtual wall.

MD simulations are performed at 223.15 K under canonical NVT (constant number of atoms,
constant volume and constant temperature) ensemble, where the temperature is controlled by Nosé
Hoover thermostat. Even though NVT is used, note that since the system is in vapor-liquid equilibrium,
the liquid droplet will exchange molecules with the gas until the pressure in the system corresponds to
the vapor pressure at 223.15 K. The equation of atomic motions with a timestep of 5 fs is integrated
by the velocity-Verlet method. Within the MD simulations, atoms in the substrate are fixed without
integration of motion. A MD simulation time of 50 ns is used for equilibrating the system dynamics
of the COz droplet. All the MD calculations are carried out by using the large-scale atomic-molecular

massively parallel simulator (LAMMPS) code package.

3. Results and Discussion
Initially, the wetting behaviors of a CO. droplet containing 144000 CO> molecules on smooth surface
of Cu are studied. Figure 2a shows the side-viewed configurations of a CO> droplet interacting with

the flat Cu-surface with varying energy interaction parameter &g, o, from 0.005-0.012 eV after

simulation time of 50 ns. Clearly, a vapor-liquid-solid mixed system is achieved for each case. The
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wetting morphology of the CO2 droplet is markedly connected to &¢, o, - AS &, o, Changes from
0.005-0.012 eV, the surfaces of liquid CO2 droplets are spherical, whereas for &, ., = 0.012 eV, a

liquid film forms, separating the CO. vapor phase and the Cu substrate. It is noted that there is strong
exchange of CO, molecules between vapor and liquid CO> phase in all systems, corresponding to the
equilibrium dynamics of CO evaporation and condensation. Figure 2b plots the development of

potential energy of CO2 (E, ) in the systems as a function of MD simulation time. It is found that
Eco, Oscillates at constant values after very short time of MD relaxation, indicative of equilibrium
dynamics of the vapor-liquid CO systems. Interestingly, as &, ¢, varies from 0.005-0.009 eV, the
systems show almost similar total E., but different droplet geometries at equilibrium state. This is
mainly explained by the fact that the total E, is contributed by the vapor and liquid phases of CO:
in those systems. As &, o, becomes larger, however, E., is smaller because of stronger interacting

with solid surface of CO». Figure 2c presents the center-of-mass z positions (COMPs) of CO> as a
function of MD simulation time. Similarly, as the systems reach to equilibrium state within short time,

the CO2 COMPs fluctuate at constant values. The fluctuation of COMPs is stronger as &, ¢, IS

smaller. The different CO> COMPs indicate different wetting morphologies of liquid CO> droplet as
shown in Figure 2a. To quantitatively differentiate the adsorbed layers of CO2 molecules on the solid

surfaces with different &, o, , the density distribution profiles of CO: are plotted in Figure 3.
Apparently, different &, o, result in different density distribution profiles, suggesting different
structures of adsorbed layers. The number of obvious peaks reduces as &, ¢, Is decreased. For
example, when &g, o, = 0.005 eV, only one peak can be observed, however, as &, o, = 0.012 eV,

five peaks can be identified. The peaks are indicative of the adsorbed CO:> layers and higher value of

Ecy-co, esUlts in higher planar density of the adsorbed layers. Interestingly, the location of peaks is
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also connected with &¢, ¢ - AS &, ¢o, increases from 0.005 - 0.012 eV, the location of the first peak

monotonically declines from around 3.22 - 2.96 A, indicating different gaps between surface and the
first CO2 layer. For all cases, however, the neighboring distances between peaks are around 3.50 A,

which is insensitive to &¢, ¢, -

Figure 4a compares the side-viewed wetting morphologies of a CO> droplet on a pillar-structured

Cu surface with different &, -, after MD simulation time of total 50 ns. Similar to the smooth surface,

a vapor-liquid-solid system is realized and the contact area between CO> droplet and top surface varies

with &¢, o, - However, there are clear differences between the wetting morphologies of droplet on
smooth and pillared surfaces with identical &g, ¢o, - AS &¢, o, Changes from 0.005 - 0.009 eV, the

liquid COdroplet shows partially spherical shapes above the pillared surface, preferring Wenzel state.

In the Wenzel state, the space between pillars is filled with CO2 gas. As &, o, reaches to 0.010 eV;

however, liquid CO> droplet is able to partially permeate into the groove, demonstrating a Cassie state.
The part of liquid droplet above the pillared surface still shows partially spherical geometry. Finally,

when &, ¢, isover0.010 eV, the liquid CO: droplet fully permeates into the groove, illustrating that

the pillared surface is fully wet by the CO. droplet. It is also noted that strong exchange of CO>
molecules between vapor and liquid CO- occurs in those systems, similar to the case of smooth surface

systems. Figure 4b plots the evolution of total E, of the COz/pillared surface systems during the MD
simulation under NVT ensemble. Initially, the changes in E., are pronounced, mainly originating
from evaporation and geometry change of CO: liquid droplet. When &, ., varies from 0.005 - 0.009
eV, E,, rapidly reaches to a constant value, indicating that the system reaches to stable state. It is
also found that the equilibrium E., increases with increasing E., . For &, o, = 0.015 eV, marked

reduction in the E, initially occurs, and then reaches to a constant value. As &g, o, = 0.012 eV,
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however, Eg, initially increases, then declines, and finally reaches to a constant value. Particularly,
as &¢, co, = 0.010 eV, E, monotonically increases within the whole simulation time. This suggests

that the system does not reach its equilibrium state. The Cassie state as shown in Figure 4a is an
intermediate metastable state. Figure 4c plots the z-directional COMPs of CO> against MD simulation

time as &¢, ¢, Increases from 0.005 - 0.015 eV. Except &, o, = 0.010 eV, the z-directional COMPs

are unchanged when the MD simulation time is over 20 ns. This clearly reveals that the CO2 molecular
systems reach the equilibrium state at 50 ns. Similar to the cases of CO2/smooth surface systems,

smaller &g, o, causes larger amplitude in the fluctuation of z-directional COMPs. Interestingly, when
£cu_co, = 0.010 eV, the z-directional COMP declines during the entire MD simulation time. The

wetting is slowed in this case by the motion of the contact line, so it is very hard to reach true

equilibrium in the Wenzel state.

The contact angle is commonly utilized to quantitatively characterize the wettability of a solid
surface by a liquid droplet.>? To extract the contact angle of a liquid CO droplet on Cu-like surface,
the 2D density map is accordingly obtained as follows. Initially, the COMP of the vapor plus liquid
COz phases is calculated. The 2D COMPs (x, y) are considered as the COMPs of the liquid CO2 droplet
system (p, z). The surrounding local CO- density is then achieved by counting the number N of CO>
molecules in a finite circular shell with radius, width and height of r, Ar and Az, i.e, p = N/(2arArAz)
where Ar = Az = 1 A are chosen. To diminish the fluctuation effect of local densities, the global CO;
relative density map is finally realized by averaging densities from 50 samples in cylindrical
coordinates. Figure 5a and b shows two examples of representative density contours of CO2 on a

smooth and a pillar-structured surfaces with &, o, = 0.008 eV, respectively. Clearly, the density

contour in Figure 5a shows evidence of red-and-white lines adjacent to the smooth Cu surface,
indicating multi-layered CO: structures adsorbed on the surface that can also be quantified by the

density profiles as shown in Figure 3. In contrast, the local CO> densities adjacent to the pillar-
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structured surface are less enhanced as a result of less contact area between liquid droplet and solid
surface. The number of CO: layers close to the pillar-structured surface is less than that near the smooth
one. However, slightly below the top pillar-structured surface (z < 0 A), the local CO2 density is over
that of vapor CO,. This corresponds to the suspended surface of liquid droplet within the region of

pillared groove.

The contact angles of the CO> droplet on the Cu-like surfaces are determined by using a
geometrical construction*> %3, In this method, a circular function is utilized to fit the density contour
of the CO2 droplet. Here, an iso-density line of 0.01 molecules/A2 is adopted to identify the surface of
liquid CO; droplet. A tangential line near the contact edge is drawn from the circular fit of droplet
surface for determining the contact angle. Figure 6 presents the calculated contact angle of liquid CO>

droplet as a function of &, ., for both flat and pillar-structured surfaces with w = 10.7 A Asis
expected, the contact angle of CO2 droplet is strongly dependent on &g, o, .- When CO: droplet is

placed on smooth Cu-like surfaces, the contact angle linearly reduces from around 140°- 62<as

£cy_co, 1S Increased from 0.005 - 0.011 eV, covering the critical point of transition from CO2-phobic
to CO2-philic. A critical value of &, o, = 0.009 eV is considered as the boundary between CO>-

phobic to CO-philic behavior. Intriguingly, as CO. droplet is placed on pillar-structured Cu-like
surfaces, the contact angle of CO> droplet monotonically declines from approximately 180<- 100

with increasing &, o, from 0.005 - 0.011 eV, differing from the case of smooth Cu-like surface. It

is clearly observed that the contact angle of CO2 droplet is greatly enhanced as the solid Cu-like surface

becomes pillar-structured rough. For instance, when &g, o, = 0.005 eV, the contact angle of CO:

droplet is able to increase from 140 <- 180 “with the contact surface changing from smooth to pillar-

structured. Such pillar-structured surface shows full CO2-phobicity. Moreover, when &g, ,, = 0.010

eV, by pillar-structuring of the Cu-like surface, a shift of transition from CO2-philicity to CO»-

phobicity can be also achieved. This clearly demonstrates that the wettability of Cu-like surface by
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liquid CO2 can be finely tuned by pillar-structuring engineering. Such tunability in wettability by
surface roughening has previously been observed for both natural and artificial liquid water/solid

surface systems?122 24-25.43,

Both experimental and theoretical investigations revealed that the topography of the solid
substrates shows influence on the wetting state and the contact angle of water droplets?42> 4346, To
examine whether there is a variation of wetting behavior of liquid CO. droplet with the change of
surface topography, pillar-structured Cu-like surfaces with varying inter-pillar spacing w and pillar
width w from 10.7 - 71.4 A are constructed. It is noted that all pillar-structured surfaces maintain
identical top surface area. Figure 7a-d shows the side-viewed snapshots of CO> droplets on pillar-

structured Cu-like surfaces with &g, o, = 0.008 eV, 0.009 eV, 0.010 eV and 0.011 eV at t = 50 ns

from MD simulations, respectively. It is observed wetting-mode multiplicity that is pronouncedly

sensitive to the topography of the Cu-like surface and &, ¢, . When &, o, = 0.008 eV (0.009 eV),

a critical transition from the Cassie to the Wenzel state occurs, depending on the inter-pillar distance
w and pillar width w. Asw < 71.4 A (42.9 A), the liquid CO- droplet favors the Cassie state, while it
adopts the Wenzel state as w = 71.4A (42.9 A). For the Cassie state, when w is small, the liquid CO>
droplet does not permeate into the inter-pillared groove. This is due to the fact that the small gaps
restrict the liquid CO> cluster to move down inter-pillared groove. Once w is enlarged to critical value,
for example, w = 42.9 A, partial liquid CO- droplet permeates into the inter-pillared groove, although
the liquid CO2 droplet is in the Cassie state. This partial permeation results in negligible change in the
contact angle of the liquid CO> droplet. When w is large enough, the liquid CO- droplet becomes the

Wenzel state. With regard to &, o, = 0.010 eV, the liquid CO2 droplet does not favor the Cassie state.

Instead, all pillared surfaces with different topographies show the Wenzel state of the supported liquid
CO: droplet. However, the Wenzel state CO> droplets display different morphologies. Similarly, as

€cuco, = 0.011 eV, the liquid CO: droplets are in the Wenzel state but show different morphology for
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all pillared surfaces. Intriguingly, for the two smallest w, the liquid CO> droplets completely permeate
into the pillared-groove, showing fully wetting behavior. With regard to large w, however, the pillar-
structured surfaces are partially wet by the liquid CO droplet. To examine if the transition is caused
by the ratio between pillar distance and droplet size, a bigger MD simulation with a bigger droplet at

w=5.36nmand &, o, =0.011eV is performed (see bottom of Figure 7d and Supporting information

video 1). This additional simulation reveals that this effect remains at larger droplet size, i.e. it is an
effect due to ratio between droplet size and pillar size. This implies that macroscopic CO droplet tends
to remain Wenzel state on a specific nanopillared surface, which is promising for the practical CO>

capture by CO> condensation on nanostructured surfaces.

Figure 8a-d shows the development of interaction energy between CO. and Cu-like substances
Eci co, With &¢, o, =0.008 eV, 0.009 eV, 0.010 eV and 0.011 eV during the MD simulation of 50
ns, respectively. Apparently, the evolution of E., . is strongly dependent on the topography of the

Cu-like surface, indicating their distinct wetting processes. Based on the curves, two wetting stages
can be roughly identified. The first wetting stage is characterized by the remarkable variations of

Ec,_co, In the curves. In this stage, E., ., declines stepwise with MD relaxation time, explaining
that the wetting of Cu-like surface is non-uniformly proceeded. A sudden drop of E, ., corresponds

to a rapid wetting process of pillared surfaces by the liquid CO- droplet. This rapid wetting results in
notable change in COMP and morphology of the liquid CO> droplet. The second stage is characterized

by slight oscillations of E, -, at constant values. This indicates relative stability of the dynamic

wetting behaviors. Accordingly, it is revealed that the MD relaxation time requiring to reach to a stable

wetting state is greatly dependent on the coupled topography of Cu-like surface and E., ., . For
example, the CO2 liquid droplet wetting of pillar-structured surface with &, o, = 0.011 eV and w =

71.4 A requires maximum MD relaxation time of 35 ns. By comparison, it is observed that different
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simulated systems result in differences in the E., o, of the second stage. For pillar-structured
surfaces with a given w, the big different magnitudes of E., ., primarily come from different ¢, ¢, -
As for pillar-structured surfaces with a given ¢, o, , the significant differences of E., ., ~explain
their different wetting morphologies of the liquid CO: droplet. For example, when &g, o, =0.008 eV,
Ecy co, increases with w varying from 10.7 - 53.6 A due to different solid-liquid contact areas,
whereas forw =714 A, Ecu_co, Inversely drops to minimum value of -175 eV because the Wenzel
state of the liquid CO> droplet significantly increases the solid-liquid contact area.

4. Conclusions

Large-scale classic MD simulations are performed to reveal the role of nanoscale surface and
topographical features on the wetting characteristic of CO. droplet on Cu-like surfaces. For reference,
the wetting morphology of liquid CO> droplet on smooth Cu-like surface is initially investigated. As a
result of vaporization, the distribution between vapor and liquid CO; is governed by the phase

equilibrium. The wetting morphology of liquid CO: droplet is strongly sensitive to &, ¢, -
Specifically, a linear relationship between the intrinsic contact angle of liquid CO2 dropletand &, ¢,
is revealed. For a given &g, o, , however, Cu-like surfaces with periodically pillared structures

significantly rise the contact angle of liquid CO:2 droplet, resulting from that less liquid-solid contact
area leads to weaker interactions between liquid CO> droplet and the solid substrate. Notably, by
pillared nanostructuring of surface, it is observed a critical transition of CO2-philic to CO-phobic.

Interestingly, by either changing &, o, or structural parameter of pillared surfaces, a crossover of

wetting state from the Cassie state to the Wenzel state appears. It can be inferred that the wetting state
on a solid substrate can be tuned by surface roughening. The results of this work provide important

insights into the contact angle and wetting behaviors of liquid CO> droplet on solid surfaces that is

14 /28



difficult to obtain by experimental characterizations, which will enlighten future attempts to design

CO2-phobic surfaces for important CO> capture applications.
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Figures and captions

(

Figure 1 Initial configurations of CO, wetting simulations on (a) a flat Cu-like surface (b) a pillar-

structured Cu-like surface. (c) Atomic models of a pillar-structured Cu-like surface.
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Figure 2 CO2 wetting on Cu-like substrates. (a) Wetting morphologies of a CO> droplet on smooth Cu-

like surface with interaction energy parameter &, ., between CO2 and Cu-like surface varying from
0.005 - 0.012 eV. (b) The total potential energies E., develops with MD simulation times in the

CO2/Cu-like surface systems. (¢) Change in thez-directional center-of-mass positions (COMPs) of CO>

with MD simulation times for CO»/Cu-like surface systems.
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Figure 3 Relative density profiles of CO, from the Cu-like surface to the top CO. vapor phase. Inset is

the zoomed-in plots of relative density profiles near the Cu-like surfaces.
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Figure 4 Wetting characteristics of a CO> droplet on a nanopillar-structured surface with structural
parameter w = 10.7 A. (a) Wetting morphologies of a CO, droplet with varying interaction energy

parameter &g, o, from 0.005 - 0.012 eV. (b) The development of total potential energies E., during

the whole MD simulation for the CO./Cu-like surface systems. (c) Variation of the z-directional center-

of-mass positions (COMPs) of CO> during the MD wetting simulation for CO2/Cu-like surface systems.
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Figure 5 Two representative relative density contours of CO- droplet on (a) a smooth Cu-like surface

and (b) a pillar-structured surface with structural parameter w = 10.7 A. Both systems have identical

interaction energy parameter €¢,_co, = 0.008 V.
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Figure 6 Contact angles of CO droplet as a function of interaction energy parameter £q,_co, for both

COo/flat substrate and CO2/pillar-structured substrate systems.
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Figure 7 Comparison of wetting morphology of CO> droplet on different roughened surfaces. The

roughened surfaces are pillar-structured Cu-like surfaces with structural parameter w = 1.07, 2.14, 4.29,
5.36 and 7.14 nm, and interaction energy parameter £, co, (@) = 0.008 eV, (b) =0.009 eV, (c) =

0.010 eV and (d) =0.011 eV, respectively. Bottom: A big MD simulation shows that the transition of

Larger CO, droplet

wetting is caused by the ratio between droplet size and pillar size.
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Figure 8 The evolution of interaction energies ECU_CO2 between CO- and pillar-structured Cu-like

surfaces during the MD wetting simulations, where the interaction energy parameter €¢,_co, are

taken as (a) 0.008 eV, (b) 0.009 eV, (c) 0.010 eV and (d) 0.011 eV, respectively.
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