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ABSTRACT

Graphene nanochannels and nanostructures have been of great interest to applications like nanofluidics and solar-thermal evaporation since
nanoconfinement can lead to altered liquid properties. In this article, we employ molecular dynamics simulations combined with the free
energy perturbation method to study the influence of external electric fields on the free energy of water molecules in graphene nanochan-
nels. We observe a decrease in the water free energy difference (ΔG1!0 ¼ G0 ! G1, where 0 is the reference vacuum state and 1 is the sol-
vated state) with the increasing electric field, suggesting that the application of an electric field may reduce the thermal energy needed to
evaporate water from graphene nanochannels. Our analysis reveals that the reduction in free energy difference is related to more aligned
water molecules along the electric field direction in the nanochannels, which leads to a decrease in the water inter-molecular potential
energy and, thus, reduces the free energy difference.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080876

INTRODUCTION

Understanding the behavior and properties of water confined in
nanochannels is of particular importance for a wide range of applica-
tions, ranging from nanofluidics1,2 to renewable energy conversion.3–8

Studies have shown that some thermodynamic properties of water
confined in nanochannels can be different from those of bulk
water.9–12 For example, Knight et al.9 have experimentally demon-
strated that nanoconfinement could lead to a decrease in the surface
tension of water by 30%. Santiburcio et al.10 conducted ab initio simu-
lations on nanoconfined water and found that nanoconfinement
enhanced water self-dissociation. Garofalini et al.11 found that nano-
confined water exhibited anomalously high thermal expansion from
molecular dynamics (MD) simulations, and Neek-Amal et al.12 also
conducted MD simulations to find the shear viscosity to be greatly
enhanced in nanoscale capillaries. In a more recent study, Zhao et al.7

inferred from their experiment that the latent heat of the water in a
nanostructured molecular hydrogel mesh could be reduced by 60%;
however, the mechanism is under debate and whether the observation
was related to the nanoconfinement effect remains unclear.

The effects of nanoconfinement in liquid transport proper-
ties have also been studied. Giovambattista et al. found that the

effective hydrophobicity of the surface of a nanochannel decreases
as temperature decreases13 and observed that the confined water
remains in the liquid state while the bulk water cavitates at the
same pressure.14 MD simulations have predicted that changing
the distance between two parallel surfaces can induce the freezing
and melting of a monolayer and a bilayer of liquid water.15,16 Gao
et al.17 showed that the interfacial commensurability would influ-
ence the thin liquid film’s diffusion and rheological characteris-
tics. Leoni et al.18 compared three different liquids in a graphene
slit pore and found three different free-energy minima mecha-
nisms. Figueras et al.19 have shown that water permeation could
be substantially reduced for field intensities of 2–3 V/nm, and no
water permeation was observed under the perpendicular 4 V/nm
fields.

On top of nanoconfinement, several molecular simulation
studies have found that external interferences from electric or mag-
netic fields can also impact the thermodynamic properties of nano-
confined water.20–22 For instance, Srivastava et al.23 examined the
influence of an external electric field on the vapor–liquid coexis-
tence curve using MD simulations and observed that the critical
temperature of confined water decreased with the increase in
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electric field strength. Maerzke et al.24 conducted Gibbs ensemble
Monte Carlo simulations to investigate the influence of electric
field on water/vapor equilibria and found that water molecules
tended to orientationally order themselves in the electric field. Yeh
et al.25 also conducted MD simulations with a high electric field
imposed on water and observed that the dielectric constant of
water decreased with the increasing electric field.

Carbon materials such as carbon black,5 graphene derivatives
(e.g., graphene oxides26), and carbon nanotubes have acted as wall
materials of nano-sized channels in nanofluidics and energy appli-
cations.2,27,28 In solar thermal applications,8,26,29 carbon materials
also function as ideal light-absorbers. Recently, Xiong et al.30–32

have designed a series of graphene nanopetal solar evaporators
with high vapor generation performance, and in particular, they
have demonstrated that a hierarchical, integrated graphene nano-
architecture can achieve highly efficient solar-thermal energy con-
version for water evaporation.30 Besides providing graphene
nanochannels for water transport in these structures, it is reported
that the plasmonic effect could potentially lead to strong localized
electric fields in the vicinity of graphene nanopetals.33 The question
is: whether nanoconfined graphene channels combined with strong
electric fields can potentially lead to changes in water thermody-
namic properties? The answer to this question would help guide
the rational design of nanomaterials for different applications such
as solar-thermal water evaporation.

In this study, we carry out MD simulations combined with the
free energy perturbation method to calculate the free energy of
water in a graphene nanochannel in the presence of an external
electric field. Different electric field strengths (0.1–0.5 V/Å) are
studied to examine their impacts on the nanoconfined water. It is
found that the nanoconfined environment and the electric field can
both result in a decrease in water free energy difference (defined as
ΔG1!0 ¼ G0 ! G1, where 0 is the reference vacuum state and 1 is
the solvated state), which could potentially make water molecules
easier to evaporate. It is also found that the strong electric field
forces water dipoles to align with the electric field direction, which
lowers the potential energy among water molecules and, thus, leads
to decreased free energy difference.

METHODS AND SIMULATION MODEL

The simulation model consists of 900 water molecules con-
fined between two graphene layers as shown in Fig. 1(a). To calcu-
late the free energy, one water molecule is extracted from the
channel [Fig. 1(b)].

Graphene layers with the dimensions of !20 Å(x) # 50 Å(y)
are used as the channel wall, and the width of the channel is
!30 Å. Periodic boundary conditions are applied in the x- and y-
directions. Water molecules are simulated based on the TIP3P-Ew
model,34 which can reproduce water structures well.35–37 Two O–H
bonds and the H–O–H angle are held rigid. The graphene layers
are modeled using the Adaptive Intermolecular Reactive Empirical
Bond Order potential (AIREBO) potential, which has been used
for interfacial simulations involving graphene layers.38,39 It should
also be noted that the graphene sheet is being kept rigid throughout
the simulations to avoid the corrugated nanochannel. The
non-bond interactions between carbon and oxygen atoms are

simulated using the Lennard-Jones (L-J) potential:

E ¼ 4ε σ
rij

! "12
! σ

rij

! "6
# $

, where ε and σ are the energy and length

constants, respectively, and rij is the distance between two atoms I
and j. The L-J interactions involving hydrogen atoms are neglected,
which is a common practice due to the lightweight of hydrogen
atoms.34 All L-J parameters adopted in the simulations are shown
in Table I. A cutoff of 10 Å is chosen for L-J interactions. The long-
range electrostatic interaction in the system is computed by the
particle-particle particle-mesh (PPPM) approach with an accuracy
of 1# 10!5. Simulations are performed using the large-scale
atomic/molecular massively parallel simulator (LAMMPS).40 The
chosen time step size is 1 fs.

First, the system is energy-minimized and equilibrated in a
canonical ensemble (NVT) at 300 K for 5 ns. Then, the system is
optimized in an isothermal-isobaric ensemble (NPT) at 1 atm and
300 K for another 2 ns. It should be noted that since each graphene
sheet is kept rigid, the graphene surface is flat. However, the
spacing between these two rigid graphene sheets is not fixed, and
thus, the confined liquid volume can fluctuate and is optimized
during the equilibration simulation stage (NPT). 1 atm is being
applied to all three directions for our system. Since we used a baro-
stat to control the pressure in each direction independently in the
NPT simulation, all directions should have 1 atm pressure. After
the structures are fully relaxed, an electric field is applied in the
positive z-direction, and the NVE ensemble is then applied to the
simulation, which lasts for 2 ns, with the last 1 ns chosen as the

TABLE I. L–J potential ε and σ parameters between graphene and water. “C”
represents the carbon atom in the graphene, and “O” represents the oxygen atom in
the water molecule.

Pair type C–O O–O

ε, ev 0.004 06 0.006 73
σ, Å 3.190 3.166

FIG. 1. (a) An example model setup for molecular simulations, where the elec-
tric field is applied along the positive z-direction. (b) An example simulation
setup for free energy calculations, where a water molecule gradually “disap-
pears” from the simulation domain by gradually switching off its inter-molecular
interactions with other molecules. One water molecule (colored in yellow and
green) is rendered larger in contrast to other water molecules for visualization
purposes.
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production period to collect the data. We calculate the water free
energy difference between the vacuum state and the state inside the
nanochannel using the free energy perturbation method.41 In such
a calculation, one water molecule “gradually disappears” from the
nanochannel filled with water by means of a coupling parameter λ
that tunes the inter-molecular interaction between the “disappear-
ing” water molecule and the rest of atoms in the system. The inter-
actions tuned include both the L-J interaction and the electrostatic
interaction. At λ ¼ 1, the selected water molecule fully interacts
with the rest molecules. At λ ¼ 0, the selected water molecule is
present in the simulation box but does not interact with other mol-
ecules. The values between λ ¼ 1 and 0 are sampled in 200 equal-
spaced intervals. We have also sampled 1000 and 500 intervals but
found that 200 intervals are sufficient to result in converged results.
At each value of λ, the system is equilibrated in the NPT ensemble
for 10 ps before free energy calculation. As a result, the calculated
free energy is the Gibbs free energy. To avoid the singularities
when the selected water molecule decouples with other molecules,
soft-cored potentials are used. The free energy difference (ΔG1!0)
was calculated using the following equation:

ΔG1!0 ¼ !kBT
Xi¼0

i¼1
ln exp !Uλiþ1 ! Uλi

kT

% &' (
, (1)

where kB is the Boltzmann constant, T is the temperature (300 K in

our simulation), and Uλiþ1 ! Uλi is the pair potential energy differ-
ence between each successive perturbation. It should be noted that
since the final state (“0”) of the “disappearing” water molecules is
non-interacting, it is effective in a vacuum. Therefore, a positive
value of ΔG1!0 means taking water out of liquid requires external
energy, i.e., water in liquid is more energetically favorable than in
vacuum. Since all calculations used this vacuum level as a reference,
a direct comparison of the calculated free energy difference values
from different cases will allow us to evaluate the relative thermody-
namic stability of water in these cases.

RESULTS AND DISCUSSION

The free energy difference is computed at different external elec-
tric field strengths ranging from 0.1 to 0.5 V/Å for the water confined
between two graphene layers. We note that these field strengths are
high but can be potentially achieved using plasmon-induced local elec-
tric fields. For example, it is estimated that the graphene plasmon-
induced local electric field is of 107–108 V/m (10−3–10−2 V/Å),42–47

but for graphene nanopetals functionalized with plasmonic nanopar-
ticles, the field enhancements associated with dipolar plasmons in
these spherical nanoparticles can enhance the local field by three
orders of magnitude to 1–10 V/Å.48,49 The influence of the electric
field on the free energy difference of the nanoconfined water can be
seen in Fig. 2(a). The horizontal red dashed baseline indicates the
free energy difference of bulk water in a non-confined phase without

FIG. 2. (a) Water free energy difference (defined as ΔG1!0 ¼ G0 ! G1, where 0 is the reference vacuum state and 1 is the solvated state) in graphene nanochannel
under electric fields with different strengths. The error bar is the standard deviation of calculation results from three different perturbation percentage values (1‰, 2.5‰,
and 5‰) in the FEP calculations. The horizontal red dashed baseline indicates the free energy difference of water in its bulk phase without an electric field. (b) The water
density profile in the graphene nanochannel. (c) The averaged water density of the middle region in the nanochannel under electric fields with different strengths. The error
bar is the standard deviation of calculation results from previous mentioned different perturbation percentage values in the FEP calculations. (d) The enlarged water
density profile of the middle region from ∼14 to 23 Å. (e) A close-up of the electric field-induced water density peaks near the right graphene wall.
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the electric field. As we can see, the nanoconfinement lowered water
free energy difference with or without an electric field. For the nano-
confined water, the free energy difference shows a systematically
decreasing trend as the field strength increases. The results suggest
that the nanoconfined environment and the increased field strength
make the nanochannel a less thermodynamically favorable environ-
ment for water molecules, which potentially makes water evaporation
consume less thermal energy, i.e., a reduction in latent heat.
However, this does not suggest that water evaporation will cost less
energy overall since we have to consider the energy required to trans-
fer bulk water into the nanochannel to overcome the free energy dif-
ference between the two states. In addition, the application of an
electric field with high strength also requires an energy input (e.g.,
light-induced plasmonic local field enhancement).

To reveal the mechanism of the electric-field-induced water free
energy difference reduction, we further characterized the water struc-
ture in the nanochannel by examining the water density under elec-
tric fields with different strengths. As shown in Fig. 2(b), due to the
presence of graphene, in each case the water profile shows certain
structures near the graphene wall that is different from the bulk state
as indicated by peaks in the density profile. Figure 2(c) more clearly
shows that the averaged water density in the middle portion of the
nanochannel decreases with the increasing electric field. The reduced
density makes inter-molecular distance larger and, thus, the inter-
molecular bonding strength weaker, rendering water less thermody-
namically stable in such an environment. The enlarged view of the
middle portion (14–23 Å) of the water density profile in Fig. 2(d)
shows a decreasing trend as more water molecules are pulled to the
graphene interface due to a stronger electric field. As the electric
field becomes stronger, more water molecules are being pulled
toward the right graphene wall, as shown in Fig. 2(e).

To investigate the influence of the electric field on water spatial
distribution, we calculated the radial distribution function between
oxygen atoms of water molecules as g(r) ¼ n(r)/(4πr2ρΔr), where n
(r) is the number of atoms in a shell of thickness Δr at a distance r

from the reference atom and ρ is the average water atom number
density. Figure 3(a) shows the overall water distribution, while Fig. 3
(b) clearly shows that as the electric field strength increases, the first
nearest-neighbor peak decreases, which indicates that the number of
water molecules immediately surrounding each water molecule
reduces. The reduced inter-molecular coordination number weakens
the inter-molecular interaction and, thus, lowers the free energy
difference.

To further understand the molecular-level origin of the
electric-field-induced water free energy change, we study the water
dipole moment in different directions under different field
strengths. The time evolution of the z-component of the total water
dipole moment under different field strengths is shown in Fig. 4(a).
As expected, it is seen that a larger electric field will lead to larger
water polarization in the z-direction, which aligns with the field
direction. Since we only applied the electric field in the z-direction,
after applying the electric field, only the z-component of the water
dipole moment increases noticeably with the increasing external
electric field strength as shown in Fig. 4(b), with the dipole
moments in the other two directions decreasing slightly. Figures 4(c)
and 4(d) showed the snapshots of the molecular system without an
external electric field and under an electric field of 0.5 V/Å, respec-
tively. By comparing Figs. 4(c) and 4(d), we can see that most of the
positively charged hydrogen atoms in water molecules are being
aligned toward the electric field direction as highlighted in the top
black box in Fig. 4(d), while most of the negatively charged oxygen
atoms in water molecules are being attracted toward the opposite
direction of the electric field as highlighted in the bottom black box
region. Such observations are also consistent with the foregoing
phenomenon that density peak shifts toward the interface between
water molecules and graphene walls, which also shows more aligned
nanoconfined water molecules.

The alignment of water molecules imposed by the electric
field restricts their free rotation, reducing their pecking order,
which would, in turn, reduce the intermolecular potential energy.

FIG. 3. (a) Radial distribution function (RDF) of the oxygen atoms in water molecules in the nanochannel. (b) A close-up of the black dashed box region in panel.
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FIG. 4. (a) The z-component of the scaled total water dipole moment evolution under different electric field strengths in the simulation. (b) x-, y-, and z-components of the
total scaled water dipole moment under different field strengths. The error bar is the standard deviation of three equilibrated production stages (1 ns) from one single simu-
lation. (c) Snapshot of the equilibrated molecular system when there is no electric field. (d) Snapshot of the equilibrated molecular system under an electric field of 0.5 V/Å.

FIG. 5. (a) The potential energy per water molecule as a function of time under different electric fields. (b) The averaged potential energy per water molecule under differ-
ent electric fields.
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We calculate the potential energy per water molecule under
different field strengths. Figure 5 shows that as the electric field
strength increases, the magnitude of potential energy per water
molecule indeed decreases. It should be noted that the calculated
potential energy values are negative, which indicate the attraction
between each water molecule.

We note that our imposed electric field strengths exceed the
dielectric strength of water (∼1 × 107 V/m), and thus, there could
be hydrolysis, which cannot be captured by our currently used
fixed bond water model. When hydrolysis happens, part of the
electrical energy is devoted to breakdown water. However, it is our
belief that the free energy cost in the hydrolysis process will be the
same with or without nanoconfinement since this is an individual
molecular level process. In addition, we believe that by sweeping
the electric field strength in our simulations, the conclusion is
general, i.e., electric field in the nanochannel can reduce the water
free energy difference. It is just that when the field strength is
small, such an effect is expected to be weaker.

CONCLUSION

In summary, we have performed MD simulations to study the
Gibbs free energy of water confined in a graphene nanochannel
under external electric fields with different strengths. We observe
that the free energy difference (defined as ΔG1!0 ¼ G0 ! G1, where
0 is the reference vacuum state and 1 is the solvated state) of water
inside the nanochannel is lower than that of water in its bulk
phase. We also observe a systematic lowering of this free energy dif-
ference of the nanoconfined water with the increasing electric field.
The stronger electric field will lead to more aligned water molecules
along the electric field direction, which, in turn, lowers the averaged
water molecule potential energy. The results from this work show
that using an electric field may provide an effective means to
reduce the thermal energy required to remove water molecules
from nanochannels. We emphasize that our results do not mean
water evaporation will consume less energy overall, since we have
to consider the energy required to transfer bulk water into the
nanochannel to overcome the free energy difference between the
two states. In addition, the application of a high electric field also
requires energy input (e.g., light-induced plasmonic local field
enhancement). However, if the solar-induced plasmonic effect can
lead to such high local electric fields via strongly coupled plas-
monic hotspots of nanostructures, this part of the energy can be
free and renewable, and thermal energy needed can, thus, be
reduced, which could be attractive for solar-thermal water evapora-
tion applications.
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