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ABSTRACT

In this work, we investigate the water capture process for functionalized carbon nanocones (CNCs) through molecular dynamic simulations
in the following three scenarios: a single CNC in contact with a reservoir containing liquid water, a single CNC in contact with a water vapor
reservoir, and a combination of more than one CNC in contact with vapor. We found that water flows through the nanocones when in
contact with the liquid reservoir if the nanocone tip presents hydrophilic functionalization. In contact with steam, we observed the formation
of droplets at the base of the nanocone only when hydrophilic functionalization is present. Then, water flows through in a linear manner,
a process that is more efficient than that in the liquid reservoir regime. The scalability of the process is tested by analyzing the water flow
through more than one nanocone. The results suggest that the distance between the nanocones is a fundamental ingredient for the efficiency

of water harvesting.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142718

I. INTRODUCTION

Water, composing up to 60% of the human body, is funda-
mental in many biochemical processes.! Despite covering about
70% of the Earth’s surface, potable water scarcity is one of the
biggest global challenges of today.”’ With climate changes, even
countries with abundant drinking water, like Brazil, are suffering
with water scarcity.” The impact of a drought is not just restricted
to rural areas but also affects the labor market of metropolitan
regions.

Water is a basic necessity for human survival. Finding alterna-
tives to circumvent the problem of water shortage can prevent an
imminent catastrophe. Among the alternatives available today, air is
a possible source of freshwater water. Fog is composed of microme-
ter water droplets created when the air becomes saturated with water
vapor. At this size, the droplets float on air, and they can deposit on
surfaces due to water-water and water-surface interactions. Since it
is accessible everywhere, new modern and sustainable methods for
fog harvesting are being developed.” "

One of the effects of global warming is the increase in humidity
in the atmosphere, causing an increase in the average temperature

of the Earth’s surface.'” Thus, developing an efficient atmospheric
water harvesting (AWH) method to remove excess moisture can
help combat climate change.

The main problem with the existing commercial atmospheric
water generators is that they are generally energetically expensive.'*
The process of collecting water from the air has two requirements:
the presence of high humidity with the ability to wet a surface and
a process for gathering the droplets. If the available air is not humid
enough, water generators cool the air ambient below its dew point
(dew water harvesting), which represents an additional energy cost
for the process.” In the presence of humidity, the challenge is to
move the droplets and collect them into a reservoir. One strategy
is the biomimic designs that use capillarity, Laplace pressure, and
hydrophobicity” '* to move water. These strategies use classical
hydrodynamics and gravity as driving forces.

Water has more than 70 thermodynamic, dynamic, and
structural anomalies both on bulk' and on confined water.'””’
For instance, at the nanoscale, water violates the classical
hydrodynamics.”** Under confinement in carbon nanotubes
(CNT), it flows under pressure faster than what the classical hydro-
dynamics predicts.”” These phenomena happen due to the increase
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of the slip length activated by the single line move of the
water molecules””” inside the nanotubes with a diameter smaller
than 2 nm.

The fast mobility of water inside carbon nanotubes can be used
to create a more efficient process of separating water from salt”*
or also can be used on selective filters.” *’ Due to the good flow
rate of confined water, it becomes natural to think of combining the
surface wetting in a humid environment with the high mobility of
nanoconfined water to produce an efficient atmospheric water har-
vesting process. The challenge is how to make the water enter the
confined structure without the use of a huge pressure gradient.

The use of hydrophilic functionalization to promote water
entrance in nanotubes is not new.”””' Sorption-based AWH devices,
derived from carbon nanoporous functionalized, are presenting a
high performance in water collection.”” * In all these cases, the use
of pressure is still present. In addition to the nanotubes, carbon
nanocones (CNCs) also present high efficiency in water transport.*®
Previous works have been also demonstrated the potential of this
nanometric canonical structure.”””” The nanocones when function-
alized with charges® or under an external field*” show a good per-
formance in desalination.”® Recently, we proposed an atmospheric
water harvesting process using a carbon nanocone functionalized
with a hydrophilic material."” We found that this functionalized
nanocone is able to capture water from vapor in a rapid and
continuous flow without the use of pressure.*’

The conical geometry of nanopores is highly advantageous
as it functions like a funnel, facilitating the entrance of molecules
into the nanopore. The synthesis of carbon nanocones is not
complicated,"”"” and they are already being commercialized by
Carbonium SRL. Furthermore, various reduction techniques, void
nanocones, and types of functionalization have been reported.” *’

The water flow through polymeric membranes usually depends
on the size, shape, and length of the individual pores,'" as well
as on the density of pores.” However, at the nanoscale, the impact
of the density of pores is still not clear. Although for the water
flow through MoS, nanopores, the distance between the pores
does not show a significant hydrodynamic interaction*” for double
nano-interlayer membranes, and the surface porosity impacts the
nanofiltration performance.’’ The distinction between these two
systems is the hydrophobicity and the geometry. Consequently,
how the distribution of combined nanocones affects water capture
dynamics is still an open question.

In this work, we investigate the process of capturing water
by a functionalized carbon nanocone using molecular dynamics
simulations. We analyze how the distribution of nanocones affects
water vapor harvesting. We also compare the capturing and flow
of water by the nanocone in two distinct scenarios: the nanocone
in contact with a liquid water reservoir and in contact with a vapor
reservoir.

The remainder of this paper goes as follows: In Sec. II, the
model is described in the different scenarios analyzed, and the sim-
ulation details are presented. Section III shows the results, and
conclusions are discussed in Sec. I'V.

Il. MODEL

We study three systems: a single nanocone in contact with a
liquid water reservoir, a single nanocone in contact with a vapor

ARTICLE scitation.org/journalljcp

reservoir, and a combination of nanocones in contact with a vapor
reservoir.

The systems with single nanocones are illustrated in Fig. 1.
They are composed of a conical carbon nanochannel coupled to
two slabs: a carbon slab at the nanocone base and a hydrophilic
slab at the nanocone tip. Both slabs have a size L? A%, with
L=50A.

The carbon slab is made of carbon atoms (gray) and the
hydrophilic slab is made of hydrophilic particles (green). All the
slabs are maintained rigid during the simulation. The carbon slab is
in contact with a reservoir, which contains water in the liquid phase,
shown in Fig. 1(a), or in the vapor phases, illustrated in Fig. 1(b). The
hydrophilic slab, present in both cases, is in contact with a vacuum
reservoir.

Systems with multiple nanocones have been analyzed for
L = 60, 80A.

A. Liquid reservoir

The left side of the system shown in Fig. 1(a) has a water reser-
voir of size 50 x 20 x 50 A%, and temperature is kept constant at
300 K. This reservoir is in contact with the carbon slab of 50 x 50 A*
and a nanocone with dimensions defined below.

The number of water molecules used in this simulation is 1763
with a density of 0.96 g/cm®. Initially, the resulting pressure of the
water confined in the liquid reservoir is about 61 MPa. To calcu-
late the pressure in the liquid reservoir region, we used the per-atom
stress, since it is the negative of the per-atom pressure tensor. Hence,
the total pressure is the diagonal component of the per-atom stress
divided by the volume and dimension of system (3V),

P:pSXJr};erpSZ. (1)

In Eq. (1), ps,, ps,, and ps, are the result of the per-atom stress
tensor summed for all atoms. These components were calculated
using the compute stress/atom command in LAMMPs.

a) Liquid Water system Xl
y

® Water
Carbon
Hydrophilic
sites

FIG. 1. A snapshot of the simulation system. (a) Liquid water and (b) vapor reser-
voir in contact with a carbon slab and with the nanocone hydrophilic base. The
nanocone tip is in contact with the hydrophilic slab at a collecting reservoir.
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Nanocone

FIG. 2. Part of the simulation box illustrating the two types of thermal control used
in the simulation. The blue turquoise region represents thermostat 1, with the tem-
perature dynamically changing between 800 and 300 K and thermostat 2 with the
temperature fixed at 300 K.

B. Vapor reservoir

To produce vapor, we employ the following strategy. The left
side of the system shown in Fig. 1(b) has a water reservoir of
dimensions 50 x 54 x 50 A”.

Initially, the number of water molecules on this reservoir
is 1473, with a density of 0.38 g/cm’, which corresponds a
vapor-liquid region for the 300 K.°! To separate the liquid and
vapor phases, we use two thermostats with different temperatures,
as illustrated in Fig. 2. Region 1 contains water in the liquid phase,
and region 2, in the vapor phase. The vapor in region 2 is pro-
duced from the liquid phase in the blue region. To produce vapor, a
dynamical process of temperature variation, from 800 to 300 K every
10 000 temporal steps, was implemented in region 1. Region 2 main-
tains the temperature constant at 300 K during all simulations, and
it is in contact with the carbon slab of 50 x 50 A? size and nanocone
entrance with dimensions defined below.

The idea of using combined thermostats to produce vapor
has already been employed in other works to reproduce water
evaporation and condensation.’""***

The temporal evolution of density and temperature for a chunk
z=1[0.30, 0.38] A at region 2 (vapor region) is shown in Figs. 3(a) and
3(b). The density has a mean value of 0.23 + 0.09 g/cm’, whereas the
temperature has a mean value of 270 + 109.9 K. These values cor-
respond to the vapor phase on the TIP4P phase diagram.”* As our
system is not in equilibrium, the temperature fluctuates significantly
due to the energetic particles coming from region 1 that disturb
the equilibrium in region 2. Additionally, the chunk being analyzed
has a very small density, resulting in low statistics. However, the
mean temperature of 270 K is close to the thermostat temperature
of region 2 (300 K). The TIP4P/2005 model used in our simula-
tion provides a satisfactory description of self-diffusion coefficient,”
phase diagram, vapor-liquid equilibrium,”*” vapor pressure, and
critical temperature. Therefore, the gas produced in our simulations
replicates the basic properties expected from the vapor phase.

C. Water collector reservoir

The right side of the systems consists of a hydrophilic surface,
which has the same atomic structure as the graphene slab. This sur-
face limits the collector reservoir, which does not have water at the
beginning of the simulation. The dimensions depend on the size
of the hydrophilic slab in x and y directions and z =20 A. The
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FIG. 3. (a) Temporal evolution of the density in the vapor region z = [0.30, 0.38] A.
(b) Temporal evolution of the temperature in the vapor region.

water molecules collected by this reservoir are maintained under a
thermostat with a temperature of 300 K, same as in region 2 (Fig. 2).

D. Nanocone

Between the liquid or vapor and the collector reservoirs, there
is a conic carbon nanochannel with access to both sides as illustrated
in Fig. 4. It has a length of 26 A, and the base or the larger pore has
a diameter of 17 A, whereas the tip or the smaller pore has a dia-
meter of 8.2 A. The CNC is modeled with three hydrophilic regions:
at the base, at the middle, and at the tip. The interactions between
the atoms and water in these ring-shaped hydrophilic regions were
calculated using an effective water wall potential ¢,. The CNC, as well
as the carbon and hydrophilic slabs, remained fixed throughout the
simulation. The water molecules inside the nanocone are subjected
to a constant temperature thermostat of 300 K. The apex angle of the
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FIG. 4. Carbon nanocone with Dy = 26 A of length, Dy = 8.2 A of diameter of the
base, and D, = 17 A of diameter at the base. Hydrophilic rings are present at the
base, tip, and middle of the nanocone.

nanocone used on simulations is 19.2°, despite it could be produced
in five different apex angles.”® We choose this angle because it is eas-
ier to produce in large scale’* and is the nanocone, which achieves
the higher values of water flux when compared with the others apex
angles. It also presents a lower energy barrier when compared with
carbon nanotubes (CNT).”

E. Combined nanocones

We also simulated two and four nanocones combined. In
both cases, we divided the carbon slab into four squares. Two
nanocones are symmetrically arranged at the center of the squares
at opposite diagonals as illustrated in Fig. 5(a) with the distance
between the nanocones dr(L) = 34,48 with L = 60,80 A. Figure 5(b)
shows four nanocones that are arranged in the center of each of

Carbon
©))
60
50 |- g
40 [0 e
— %,
oL L N,
= 30 3
20 F ey
10 | R —"
. ; y : g
0 10 20 30 40 50 60

x(A)
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the four parts with a distance between the nanocones of dr(L)
with L = 60 A. In both systems, the vapor reservoir has dimensions
Lx54xL A%

The bases of the nanocones are coupled to a vapor reservoir as
described in Subsection II B, but with variable dimensions, although
the density is kept constant (0.38 g/cm®). The number of molecules
also varies with the dimensions of the system.

F. Simulation details

Simulation was conducted in the NVT ensemble with Molecu-
lar Dynamics (LAMMPs) using the TIP4P/2005°° water model and
Lennard-Jones (L]) potential for the water—carbon interaction. The
particle-particle mesh method, which solves the long-range inter-
action by Poisson’s equation, was applied with a large cutoff of
13 A to prevent errors associated with dispersion forces. The water
model was chosen due to its good description of the water’” " and
simplicity.””®" To keep the rigidity of water molecules, the SHAKE
algorithm was employed.

The water-carbon Lennard-Jones (L]) interaction was cal-
culated using the Lorentz-Berthelot mixing rules,” resulting in
€o-c = 0.126 kcal/mol and 0o-c = 3.279 A. The interaction between
hydrophilic sites and water uses the same ¢ of carbon-oxygen
interaction (0o-ps = 0o-c), but the potential well was changed to
€o-hs = 1.1 kcal/mol. This value was chosen because previous studies
exploring different attractions show that this potential well opti-
mizes the flow.*” Modeling the functionalization as a Lennard-Jones
interaction is an approximation since charge distribution of the
functional groups is not taken into account. We do not expect this to
change the behavior drastically.®® The long-range electrostatic inter-
action was treated by the Particle-Particle Mesh Method, and the
LJ cutoff distance was 12 A. The force field and the atomistic model
used in our simulations have been used in important works on water
transport in nanomaterials.””***%*

® Hydrophilic sites

(b

60
50 | ° 1171/ g ° 111/ .
40 |- // entle o dr=21.8 /] oot ISNRE
30 |-
20 - \ i .- 8 y - \ * .o s y °
10 |- .. : shle .' : shie
0 ! | | Il ]

0 10 20 30 40 50 60

x(A)

FIG. 5. System snapshot of the slab with (a) two and (b) four nanocones separated by distances dr = 34 and dr = 21.8, respectively, for L = 60 A.
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Periodic boundary conditions were applied in the x and y direc-
tions, and non-periodic boundary conditions were applied in the z
direction (see Fig. 1).

Ill. RESULTS

We analyzed the water transport through nanocones in three
scenarios: one hydrophilic nanocone base in contact with a lig-
uid water reservoir, in contact with a water vapor reservoir, and
combined nanocones in contact with a vapor water reservoir.
The comparison between these scenarios is useful to identify the
potential for capturing water of the harvesting process.

A. Liquid reservoir system

For a water molecule to enter into a nanostructure, it has to
overcome electrostatic forces induced by the dielectric discontinuity
between the water reservoir and the interface.”” Usually, this is done
by the use of external pressure””* or electric field."® Here, we test
a different strategy employing hydrophilic interactions as a driving
force to move water molecules through the nanocone.

Figure 1(a) illustrates the first system we analyzed. It was com-
posed by a liquid-water reservoir in contact with the base of the
nanocone. We computed the number of water molecules that passed
from the base to the tip (Fig. 4) and ends at the collector reservoir
per time.

In the case of a completely hydrophobic nanocone (with no
hydrophilic ring), some water molecules enter in the nanocone. The
imbalance of chemical potential between the reservoir and the inner
side of the nanocone induced a pressure gap of 61 MPa, which was
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enough to overcome the dielectric discontinuity at the nanocone
entrance and make the water to enter. However, there is no water
flow to the collector reservoir, since water molecules entered, but
they did no leave the nanocone.

Therefore, for the water to pass through the nanocone, it needs
to have at least a hydrophilic slab at the tip side. Hence, to under-
stand the role of the hydrophilic structures in the water transport,
we compared the amount of water obtained at the collector reser-
voir using two types of nanocones: one hydrophobic (but with a
hydrophilic tip) and another with hydrophilic rings as illustrated in
Fig. 4.

Figures 6(a) and 6(c) show the total number of molecules
collected vs time for a nanocone with hydrophilic rings and a
hydrophobic nanocone with the hydrophilic tip, respectively. We
observe that the mobility of water molecules in both cases combines
periods of increase in the number of water molecules collected with
periods with no particle collected. The specific distribution of these
two behaviors changes from sample to sample, but the presence of
these two dynamics is observed in all.

Figures 6(b) and 6(d) show the histograms of the num-
ber of captured water molecules for different time intervals for
the nanocone with hydrophilic rings and the hydrophobic rings,
respectively. In both cases, there are time intervals in which water
is collected followed by other time intervals with little or no
molecules collected. The dynamics in the presence or absence of
the hydrophilic rings are similar, in general, although the number of
water molecules collected per unit of time is higher in the presence
of hydrophilic rings.

Figures 6(a.1) and 6(c.1) show the mean and standard devi-
ation calculated between three samples for each case. From these

250 250
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200 200
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data, we obtain the rate of captured molecules per 0.01 ns, the rate
obtained from Fig. 6(a.1) was 4 + 2.3 molecules/0.01 ns, whereas
that from Fig. 6(c.1) was 2.91 + 2.45 molecules/0.01 ns. These results
suggest that the presence of the ring in the entrance and middle of
the nanocone rings enhances the flow of water. Although in both
cases, the entrance of water at the nanocone base is due to the water
pressure from the liquid-water reservoir. The combination of the
presence of hydrophilic sites, the asymmetric shape of the nanocone,
and the presence of the hydrophilic slab in the tip of the nanocone
creates a “flow direction.” The additional rings in the three-ring
system increases the mobility of water inside the nanocone.

Another strategy for moving water through a purely hydropho-
bic nanocone was presented by Li et al’® In their analysis,
they employed an external pressure (100 MPa) to move water
through a nanocone connecting two water reservoirs with the
same density. Within their approach, they were able to transport
2 molecules/0.01 ns.

Our results suggests that the use of hydrophilic rings enhances
water mobility. The drawback of our approach is that as parti-
cles move from the liquid reservoir to the collecting reservoir, the
forces are balanced. The water collection stops when the pressure
generated by the unbalanced chemical potential becomes too weak
to induce the flow; hence, we observe the plateau at the end of
Figs. 6(a) and 6(c).

B. Vapor reservoir system

Figure 1(b) illustrates the second system we analyzed: the
nanocone in contact with a vapor reservoir. In a previous study,
we showed that the vapor condenses at the carbon slab and the
hydrophilic base of the nanocone, forming droplets,”” which move
inside the nanocone and are then captured at the collector reser-
voir. The impact of different attractions was also explored. Change
the attraction on real life means change functionalization. We found
that the potential well ¢ = 1.1 kcal/mol optimizes the flow, it is attrac-
tive enough to generate a high flux without trapping water molecules
on the rings.

Succinctly, in the former study,”’ we showed that the dynam-
ics of water transport goes as follows: First, there is a small droplets
wetting time (SDWT), a period of 0.08 ns in which small droplets
are condensed at the carbon slab and the nanocone base, attracted
by the base hydrophilic ring, but they stay at the nanocone entrance.
In this case, once the droplet is formed, it stays connected to
the nanocone entrance because the water distribution is not large
enough to be attracted by the hydrophilic ring in the middle of the
nanocone.

Then follows a single droplets crossing time (SDCT), a period
of time from [0 to 0.1] ns when the droplet at the nanocone base
grows, some molecules are attracted to the central hydrophilic ring,
and the droplet moves to the center and then to the nanocone tip
leaving to the hydrophilic slab.

Next, there is a flowing time (FT), a period of time from
[0.1 to 0.4] ns in which the carbon slab completely wets; at the
nanocone base, a huge droplet is formed, creating a continuous flow
driven by the hydrophilic strips along the nanocone. Finally, after
0.4 ns, the flow stops because the collector reservoir becomes full
of water. Snapshots of the system illustrating these steps are present
in Fig. 7.
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FIG. 7. Snapshots of the temporal evolution for vapor system using
& = 1.1 kcal/mol, showing the single droplet crossing (SDCT) time and the flowing
time (FT).

Figure 8(a) displays the number of molecules collected by time
for a single sample. The time intervals in this graph start when
the first water molecule crosses the nanocone tip to the collector
reservoir and, therefore, do not include the SDWT. On compar-
ing Fig. 8(a) with Fig. 6(a), we can observe differences in water
dynamics when changing the reservoir from liquid to vapor. It is
noteworthy that in contrast to the chemical potential imbalance seen
in the liquid reservoir case, the harvesting and collection of water
in the vapor reservoir rely on the hydrophilic sites located on the
nanocone. Figure 8(b) exhibits the mean and standard deviations of
five samples for the FT regime. The rate of captured molecules per
time is 9.91 + 2.05 molecules/0.01 ns. Since we consider SDCT and
SDWT as transition regimes and FT as a stationary regime, we have
neglected the former two. The capture of molecules is limited by the
size of the collector reservoir; if it were infinity, the system would
continue to operate in the FT regime without saturating.

An important difference in the flow mechanism between the
liquid and vapor reservoir systems is that in the former case, the flow

400
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Time [ns]

FIG. 8. (a) The number of collected water molecules vs time, and (b) the mean
between five samples of the flowing time (FT) interval.
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ceases when the collector reservoir is not full, whereas in the latter
case, the flow stops only when the collector reservoir is full of par-
ticles. This distinct mechanism results in a linear flow rate of about
9.91 + 2.05 molecules/0.01 ns for the vapor reservoir, which is higher
than the non-linear flow rate of 4 + 2.3 molecules/0.01 ns observed
in the liquid reservoir.

C. Combined nanocones

Our results indicate that the system with a vapor reservoir is
able to capture and collect water due to the presence of hydrophilic
regions at the nanocone. Since mechanism behind this process
depends on the wetting layer formed at the carbon slab, we can
expect that the presence of multiple nanocones at the carbon
slab might generate some competition, which affects the dynamics
described in Subsection III B.

To test this assumption, we analyzed the systems with multiple
nanocones, as illustrated in Fig. 5. We analyzed the system with two
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nanocones for L = 60 A and L = 80 A, whereas the system with four
nanocones was studied for L = 60 A.

Figure 9 illustrates the two-nanocones system, showing the
number of water molecules captured by each nanocone (nl and n2)
for L = 60 A and 80 A using different initial conditions (C1 and
C2). Figure 9(a) presents the system with L = 60 Aanddr=344A
for initial condition Cl. For this distance, at the beginning 0.1 ns
< t<0.17 ns, the nanocone nl enters in SDCT. For (¢ > 0.17 ns),
the SDCT regime ends for the nl nanocone, and for (¢ > 0.23 ns),
n2 enters the FT regime. The same process happens for the initial
condition C2, as shown in Fig. 9(b), but the transition occurs for
(t > 0.28 ns). Figure 9(c) shows the mean and the standard deviation
of the number of captured molecules in (0.01 ns) for each nanocones
(n1 and n2), for C1 (green) and C2 (blue). In both cases, nanocone
nl has a low rate of captured particles compared with n2, indicating
competition between them. Figures 9(d) and 9(e) also illustrate the
capture mechanism but for a higher L = 80 A. As L increases, the dis-
tance between nanocones dr also increases; hence, the competition

(¢) [C1] L(A)=80 A, dr = 48A

0.3 0.4 0.5

Time[ns]

FIG. 9. Water molecules captured in time
(ns) for systems with two nanocones
(n1 and n2) for L = 60 A with different
initial conditions (a) C1 and (b) C2. For
L = 80 A also with different initial condi-
tions (c) C1 and (d) C2. (e) and (f) show
the mean and standard deviations of
the number of molecules captured per
0.01 ns by each nanocone for L = 60 A
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decreases. Figure 9(f) shows the mean and standard deviation of the
rate of collected particles by time for L = 80 A, where the collected
rate difference between nanocones (competition) is lower (yellow-
C1) or even nonexistent (orange-C2), when compared with L = 60 A
[Fig. 9(c)].

These results indicate that if the system does not have free sur-
faces for capturing water large enough, just one nanocone exhibits
the FT regime. Note that regardless of the distance, the nanocones
that reach the FT regime in Figs. 9(c) and 9(f) can be identified by
the collected molecules rate of 6 molecules/0.01 ns, which is smaller
than the rate found in a single nanocone in Sec. III B because here,
the average is made for the entire simulation period and not just in
a linear regime.

However, what happens if we increase the number of
nanocones for the same reservoir dimensions? Does the competi-
tion remain the same or does the dynamic become more complex?
In Fig. 10, we present the number of molecules collected vs time for
each of the four nanocones, considering different initial conditions
(c) Cl and (c) C2. Additionally, Figs. 10(b) and 10(d) show the mean
and standard deviations of collected particles per 0.01 ns for each
sample.

The size of the reservoir slab used was fixed at L = 60 A, and
the distance between the nanocones was dr = 21.8 A. Based on
Figs. 10(a) and 10(c), it can be observed that for all samples, the
nanocones oscillate between absorption and non-absorption periods
without any clear correlation between them. This behavior corre-
sponds to the SDCT period, which results in a low collected rate for
all nanocones, as seen in Figs. 10(b) and 10(d).

By increasing the number of nanocones, we decreased the effec-
tive space of the condensing area (carbon slab) at the same time
that we increase the capture area (nanocone entrance). With this
arrangement, there is no physical or temporal space for a large
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enough droplet to emerge in one of the nanocones base; hence, there
is no linear regime. The vapor that arrives on the slab is quickly
absorbed by one of the nanocones, resulting in alternating periods
of absorption/non-absorption by the nanochannels without correla-
tion. As a result, the nanocones remains in the SDCT regime without
reaching the FT regime.

IV. CONCLUSIONS

We investigated water harvesting using a combination of
hydrophobic and hydrophilic sites on a nanocone. First, we demon-
strated that water can enter a hydrophobic nanocone, but it only
flows through if the hydrophilic sites are present at the tip. This is
a significant result as the water is expected to flow from a higher to
a lower Laplace area, i.e., from the tip to the base of the nanocone.
By carefully selecting the hydrophilicity/phobicity combination, we
can obtain a contrary-to-Laplace gradient without using external
pressure.

Then, we analyzed the water flow through the nanocone when
it is in contact with the liquid-water reservoir. In this case, we
observed a dynamic that depends on a chemical potential gradient
combined with the hydrophilic sites. In this case, we observed that
the flow water rate was 4 + 2.3 molecules/0.01 ns.

Next, we observed how the water flows when the nanocone
is in contact with the vapor reservoir. In this case, the water only
enters the nanocone if hydrophilic sites would be present in the
base and the tip of the nanocone. The dynamics is governed by the
formation of droplets outside the nanocone. The cohesive forces
present due to the asymmetric interactions with the hydrophilic
sites promote a directional water movement. This leads to a lin-
ear regime, which is useful for moisture harvesting, with a flow rate
of 9.91 + 2.05 molecules/0.01 ns. The flow stops once the collecting

FIG. 10. Water molecules captured
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slab becomes full. Our results indicate that the capture mechanisms
for liquid and vapor systems are distinct. The motion on the liquid
reservoir depends on a chemical potential imbalance, whereas for
the vapor reservoir, the rings are the main force that pushes water
through the nanocone. Comparing the flow rate of the vapor and
liquid reservoirs, the vapor with the linear regime is more efficient
as a harvesting mechanism.

Finally, we analyzed the impact in the flow of the pres-
ence of combined nanocones. In the case of two nanocones, we
observed that for small distances dr = 34 A, only one nanocone
show a linear flow with time (FT regime), whereas the other col-
lects only little droplets (SDCT regime). The interference is a
consequence of the droplet formation at the base of one of the
nanocones, whereas the other runs out of space for water condensa-
tion and capture. Increasing the distance dr = 48 A, the competition
decreases.

Consequently, when the number of nanocones is increased to
four nanocones with a distance of dr = 34 A between them, which
means increasing the porosity, there is no temporal and spatial
space to form a large droplet that leads to the FT regime. Then, the
nanocones absorb small droplets over time remaining in the SDCT
regime. Our results indicate that for having more efficient harvest-
ing, all nanocones at FT regime, the distance between the nanocones
have to be larger.

In conclusion, our study shows that water harvesting using
hydrophilic sites is a potential way to capture water. We expect that
this model can be employed in experiments.
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