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Two rhombic ice phases from aqueous salt solutions under graphene confinement
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Water exhibits rich ice phases depending upon its respective formation conditions, and in particular, the
two-dimensional ice with nonhexagonal symmetry adsorbed on solids relates to the exceptional arrangement
of water molecules. Despite extensive reporting of two-dimensional ice on various solid surfaces, the geometry
and thermodynamics of ice formation from an aqueous salt solution are still unknown. In this Letter, we show
the formation of single- and two-phase mixed two-dimensional rhombic ice from aqueous salt solutions with
different concentrations under strong compressed confinement of graphene at ambient temperature by using
classical molecular dynamics simulations and first-principles calculations. The two rhombic ice phases exhibit
identical geometry and thermodynamic properties, but different projections of the oxygen atoms against solid
surface symmetry, where they relate to the stable and metastable arrangements of water molecules confined
between two graphene layers. A single-phase rhombic ice would grow from the confined saturated aqueous
solutions since the previously stable rhombic molecular arrangement becomes an unstable high-energy state
by introducing salt ions nearby. Our result reveals different rhombic ice phases growing from pure water and
aqueous solutions, highlighting the deciding role of salt ions in the ice formation process due to their common
presence in liquids.

DOI: 10.1103/PhysRevE.109.L062103

Introduction. Ice is water frozen or compressed into a
solid state with an ordered geometry, and various ice phases
occur depending on their respective formation temperatures
and pressures [1–15]. The most common ice phase, i.e., ice
Ih, has a hexagonal crystalline structure due to the perfectly
hydrogen-bonded packing of water molecules on lattice points
in a two-dimensional hexagonal space lattice. Consistently,
two-dimensional ice adsorbed on solid surfaces first tends to
form in hexagonal arrays of water molecules that resemble
the structure of naturally occurring ice crystal Ih [5,11–13,16–
20]. Meanwhile, the exceptional nonhexagonal geometry of
two-dimensional ice, such as square, pentagonal, heptagonal,
and octagonal arrangements, represents the diverse water-
solid binding energy on the hydrophilic surfaces against the
intrinsic hydrogen bond interaction between water molecules
[2,11,12,16–19,21–25]. To date, the formation of the two-
dimensional ice has been both theoretically and experi-
mentally confirmed, suggesting its ubiquitous role in many
physical processes like surface wetting, antifreezing, adhe-
sion, friction, and so on [5,13,20,21,26–31].

It is well known in the literature and our previous work that
a hydration shell of water molecules arranges around salt ions
in aqueous solutions [32–39] and it is strongly involved in the
interlayer water-solid interactions and formation of hydrated
structures on the solid surface [40–42]. The formation of
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two-dimensional ice at a solid surface is attributed to a si-
multaneous balance between both water-water and water-solid
interactions that consequently causes structural variation by
introducing salt ions nearby. However, in contrast to the exten-
sive reporting of the structural diversity of two-dimensional
ice adsorbed on different solid surfaces, the geometry and
thermodynamics of two-dimensional ice formation from an
aqueous salt solution are much less well understood. Recently,
a peculiar square geometry of two-dimensional ice was pro-
posed from water molecules confined between two graphene
layers or confined in double-walled carbon nanotubes at am-
bient temperature [2,21–25]. The square ice represents an
exceptional rearrangement of water molecules under strong
confinement whose geometry is against the ordinary hexago-
nal hydrogen bonding preference of water molecules and also
the hexagonal graphite surface symmetry. The experimental
observation of square ice by transmission electron microscopy
is under heavy debate due to the possible participating of
some salt contaminant like NaCl in water [2,22]. It is thus
a significant challenge to clarify the controversial role of salt
ions for a fundamental understanding of two-dimensional ice
formation.

In this Letter, we report a systematic study of the
two-dimensional rhombic ice formation process from
various aqueous solutions at ambient temperature under
strong compressed graphene confinement by using classical
molecular dynamics (MD) simulations and first-principles
calculations. By applying continuous external compression,
two rhombic ice phases simultaneously grow from a thin
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FIG. 1. Schematic of (a) the pure water layer and (b) the aqueous
solution layer under compressed graphene confinement. The blue
arrows indicate the external compression from the graphene layers.
(c) Typical initial configurations of the thin pure water layer, the
dilute NaCl solution layer (1/4 saturated concentration, denoted as
S/4), and the saturated NaCl solution layer (denoted as S) before
the external compression procedure. (d) Typical snapshots of the
two-dimensional rhombic ice grown from the pure water and aque-
ous solutions. The two rhombic ice phases, phase I and II, possess
different projections of oxygen atoms against surface symmetry and
thus a clear boundary between each other. Oxygen atoms in water
molecules in the initial liquid layer and the rhombic ice phases (I and
II) are highlighted in red, blue, and purple.

layer of pure water or an aqueous solution between the
graphene surfaces. The two ice phases possess identical
geometry and thermodynamic properties like configuration
entropy, tetrahedral order parameter, and hydrogen bond
number, but with different projections of the oxygen atoms
against solid surface symmetry. The two rhombic ice phases
relate to the stable and metastable molecular arrangements
by ab initio structure searching and density functional theory
(DFT) calculations. A single rhombic ice phase grows in
the saturated aqueous solutions since the previously stable
arrangement of water molecules is an unstable high-energy
state with the accompanying salt ions. Our finding enriches
the two-dimensional ice phases under confinement and
suggests a method to adjust ice phases with salt ions.

Methods. The schematics of the aqueous solutions under
graphene confinement are shown in Figs. 1(a) and 1(b). The
thin liquid layer, with a dimension of 61.4 × 63.8 × 6.4 Å3,
is confined between two parallel graphene nanosheets. The
zigzag direction of the graphene nanosheet is along the x
axis and the armchair direction is along the y axis. The
graphene nanosheet is rigid and the atomic bond length be-
tween the nonpolar carbon atoms is 1.42 Å. Periodic boundary
conditions are applied in all directions. The particle-particle
particle-mesh (PPPM) algorithm [43] is applied to solve the
long-range Coulombic interactions and the height spacing of
the simulation box is 80 Å to avoid artificial vertical inter-
actions. The TIP4P/Ice water model [44] is used in the MD
simulations performed by LAMMPS [45]. The Lennard-Jones
parameters for atoms and ions are taken from those included
in the OPLS-AA force field [46] and provided in PS1 in the
Supplemental Material [47–56]. The concentration value of

the NaCl solution ranges from 0 (pure water) to 5.4 mol/L (the
saturated concentration value of the bulk solution, denoted
as S) [57]. The classical MD simulations are performed in a
NVT (canonical) ensemble at an ambient temperature 300 K
in a Nosé-Hoover thermal bath. The simulations include two
steps. (1) The equilibrium simulation is performed for the first
500 ps where the graphene nanosheets are fixed. (2) Next, the
nonequilibrium simulation is performed for the next 600 ps
by adding a constant opposite velocity 0.01 Å/ps to the top
and bottom graphene nanosheets towards each other. The final
distance between the two graphene nanosheets is 4.2 Å. A
further compression about 0.1–0.7 Å would make the simu-
lation system collapse. The analysis is thus performed before
1100 ps. For each simulation scenario, 12 ensemble averages,
starting from different initial conditions, are considered to
calculate the geometry and thermodynamic properties.

The first-principles calculations are performed in a much
smaller system, as shown in Fig. 4. Two graphene nanosheets
with 108 carbon atoms are kept at a distance 4.7 Å, which
relates to the compressed distance of stable rhombic ice struc-
tures from the classical MD simulations. The graphene edges
are passivated by H atoms to reduce the influence of unbonded
edge electrons. A system of 14 water molecules refers to the
pure water solution, while a system of ten water molecules,
together with a Na+ and a Cl−, refers to the saturated solu-
tion. The ab initio structure searching is using the artificial
bee colony algorithm in ABCluster and preoptimized by the
semi-empirical tight-binding method [58,59]. Next, the DFT
calculation is using the B3LYP-D3(BJ) method [60] with
Becke-Johnson damping [61] to further optimize the stable
structure and calculate its energy in GAUSSIAN 09 [62].

Results and discussion. The typical initial snapshots of
liquid layers, i.e., the pure water, the dilute NaCl solution (1/4
saturated concentration, denoted as S/4), and the saturated
NaCl solution (S) are illustrated in Fig. 1(c). By apply-
ing continuous compression through the moving graphene
nanosheets, two-dimensional rhombic ice gradually grows
from the confined aqueous solutions. Interestingly, it is found
that the rhombic ice formation would be adjusted by the salt
ions. The typical rhombic ice structures from the pure water
and aqueous solutions are illustrated in Fig. 1(d) and their
respective formation procedures over time are illustrated in
PS2 in the Supplemental Material. As shown in Fig. 1(d),
we observe two rhombic ice phases (phases I and II) from
the confined pure water, growing in the form of either single-
phase I or two-phase mixed (phases I and II mixed). The two
ice phases exhibit the same geometry in the form of four water
molecules arranged in a rhombic pattern, but with distinct
projections of the oxygen atoms spreading on the graphene
surface. As a result, a clear boundary is observed between
the two ice phases. Similar two-phase mixed rhombic ices are
growing in the dilute NaCl solution. By further increasing the
concentration value, only the single-phase II rhombic ice is
growing in the confined saturated NaCl solution.

To numerically demonstrate the geometry and thermody-
namic properties of the two rhombic ice phases, we consider
the configuration entropy S, tetrahedral order parameter M,
and hydrogen bond number Nh of water molecules in the
confined solutions as functions of time. The three quantities
represent the structural variation of molecular configurations
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FIG. 2. (a) Configuration entropy S of the water molecules as a function of time, averaging over ensembles with formation of the rhombic
ice in the pure water. S reaches its minimum value at t1 and its maximum value at t2. (b) Configuration entropy S in the NaCl solutions with
different concentration values, ranging from pure water to saturated solutions. (c), (d) Tetrahedral order parameter M of the water molecules
as a function of time in the (c) pure water and (d) NaCl solutions. (e), (f) The average hydrogen bond number Nh of the water molecules as a
function of time in the (e) pure water and (f) NaCl solutions. Nh reaches its minimum value at t3.

in the liquid layer during the compression procedure. The
configuration entropy S is defined as follows [21,63,64]:

S = −kB

∑
i

ρθ lnρθ − kB

∑
i

ρϕ lnρϕ + Sr, (1)

where kB is the Boltzmann constant and it is set to 1 for
simplicity. θ , ϕ, and r are the three independent variables of
the dipole moments of the water molecules in the spherical
coordinate system (please see their schematic and time vari-
ations in PS3 in the Supplemental Material). θ and ϕ refer
to the dipole orientation on the z axis and the orientation on
the x axis in the x-y plane. ρθ and ρϕ are their probability
distributions. The distributions of θ and ϕ represent the planar
and vertical degrees of freedom in the hydrogen network.
They are regardless of molecule position of water molecules

spreading on graphene surface. It provides a good measure
of structural variations of the ice phases according to their
hydrogen bond connections. Meanwhile, as a comparision, the
configuration entropy of molecule position Sψ is calculated in
PS4 in the Supplemental Material. Its variation is two orders
of magnitude smaller than the variation of S and thus not
included in our entropy calculations. r refers to the magnitude
of the dipole moments. r remains almost invariant and thus its
entropy contribution Sr = 0. The tetrahedral order parameters
M is defined as follows [1,21,65,66]:

M = 1 − 3

8

3∑
j=1

4∑
k= j+1

(
cosα jk + 1

3

)2

, (2)
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FIG. 3. Projection of the oxygen atoms ψ between two neighboring water molecules in the phase I and phase II rhombic ice. (a), (b)
Probability distribution of ψ , Pψ in the ensembles of the rhombic ice in (a) single-phase I and (b) two-phase mixed in the pure water. Pψ in the
ensembles of the rhombic ice in (c) two-phase mixed and (d) single-phase II in the dilute (S/4) and saturated (S) NaCl solutions.

where α jk is the angle between a given water molecule’ s
oxygen atom and its two nearest-neighbors’ oxygen atoms j,
k. M is usually used to characterize the tetrahedral geometry
of ice nucleation. Furthermore, the hexagonal order parameter
h is calculated to characterize the hexagonal symmetry in
PS5 in the Supplemental Material. Both the pure water and
NaCl solutions exhibit an irregular increase of h in the com-
pression process. The average hydrogen bond number Nh is
calculated from the geometric criterion, i.e., θOH−H � 30◦ and
bondO−O � 3.5 Å. [1,21,67–69]. Nh is used to characterize the
interaction strength between water molecules.

As shown in Figs. 2(a), 2(c) and 2(e), albeit with the final
formation of either single-phase I or two-phase mixed rhom-
bic ice, identical variations of S, M, and Nh in the compression
procedure are obtained by calculating their respective ensem-
ble averages in the confined pure water. Similarly, as shown

in Figs. 2(b), 2(d) and 2(f), although with the final formation
is either two-phase mixed or single-phase II rhombic ice,
variations of S, M, and Nh are quite alike in the confined NaCl
solutions with different concentration values. It implies that,
without considering the position of water molecules spreading
on graphene, the two rhombic ice phases are indistinguish-
able in geometry and thermodynamic properties during their
formation procedures. Meanwhile, there are three character-
istic times, t1, t2, and t3, during the compression procedure.
They are independent of the concentration value in the aque-
ous solutions and thus represent the intrinsic property of
confined water. t1 refers to the moment when the rhom-
bic ice begins to grow in the liquid layer at 590 ps and
S reaches its minimum value. It implies that the rhom-
bic ice induces an entropy increase in the liquid layer. M
and Nh exhibit a similar decrease starting from t1, which
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implies a deviation of the rhombic ice structure from the
ordinary crystalline nucleation in ice Ih. t2 refers to the
moment when all the rhombic ice appears in the liquid
layer at 960 ps and S reaches its maximum value. By
further compressing the rhombic ice layer, the decreasing
tendency of S implies a further ordering of the rhombic
geometry. t3 refers to the moment when Nh reaches its min-
imum value at 870 ps. It implies that a competition between
the ordered and disordered arrangements breaks the hydro-
gen bonds during the rhombic ice formation. Furthermore,
to numerically describe the compression strength, pressure
variations in the liquid layer and S, M, and Nh as func-
tions of pressure are illustrated in PS6 in the Supplemental
Material.

To provide a quantitative description of the different
spreading of water molecules on graphene surface in the two
ice phases, we consider the projections of water molecules
against the surface geometry of graphene. As shown in Fig. 3,
a projection angle ψ is defined as the angle between the
line connecting the oxygen atoms of two neighboring water
molecules and the x axis from 0◦ to 180◦. Pψ is the probability
distribution of ψ . For the single-phase I rhombic ice from the
pure water, the peak values of Pψ relate to ψ at 30◦, 90◦, and
150◦ in Fig. 3(a). For the single-phase II rhombic ice from
the saturated NaCl, the peak values of Pψ relate to ψ at 0◦,
60◦, and 120◦ in Fig. 3(d). It implies that the rhombic ice in
phase II is a structure from a 30◦ rotation from the rhombic
ice in phase I. It explains why the two rhombic ices are
identical in geometry and thermodynamic properties, where
they possess identical hydrogen bond connections. For the
two-phase mixed rhombic ice from the pure water and dilute
NaCl solutions, all six peaks of Pψ are observed in Figs. 3(b)
and 3(c). The time variations and full ensemble distributions
of Pψ are provided in PS7 in the Supplemental Material.

To understand the role of salt ions in the rhombic ice for-
mation, we use ab initio structure searching to find the stable
structure of confined water molecules. As shown in Fig. 4(a),
the most stable structure relates to a rhombic arrangement
in phase I and a metastable structure relates to a rhombic
arrangement in phase II. The interaction energy difference
between phase I and II structures is calculated to be �E =
E1 − E2 = −3.37 kCal/mol and −0.24 kCal/mol per water
molecule. It is about one order of magnitude smaller than the
energy of a hydrogen bond, which is −5.14 kCal/mol [70].
It explains the observation of the two-phase mixed rhombic
ice since the energy difference between the two phases is
negligible. However, only the rhombic arrangement in phase
II is obtained in the ab initio structure searching by adding the
Na+ and Cl− ions. We manually rotate the water molecules
and salt ions by 30◦ to create the relative structure in phase
I (please see the schematics in PS8 in the Supplemental
Material). The phase I arrangement is now a high-energy
state with accompanying salt ions. The interaction energy
difference between phases I and II structures is calculated
to be �E = E1 − E2 = 35.55 kCal/mol and 3.56 kCal/mol
per water molecule. It explains why only the single-phase
II rhombic ice is obtained in the saturated NaCl solution.
In addition, by increasing the simulation temperature up to
360 K, only phase I is growing in the pure water. It gives us
the upper limit of the free-energy barrier from phases II to I

FIG. 4. (a) The most stable optimized structure and its interac-
tion energy E1 (phase I), together with the metastable optimized
structure and its interaction energy E2 (phase II), of confined water
molecules between graphene nanosheets. Energy difference �E =
E1 − E2 is calculated. (b) The most stable optimized structure and
its interaction energy E2 (phase II) of confined water by adding the
Na+ and Cl− ions. The interaction energy E1 (phase I) is obtained
by rotating the solution elements by 30◦ relative to the graphene
nanosheets.

to be 0.04 kCal/mol per water molecule. Please see details in
PS9 in the Supplemental Material.

Moreover, the rhombic ice formation is a general phe-
nomenon in aqueous solutions. We choose the confined
saturated LiCl, KCl, CaCl2, MgCl2, and AlCl3 solutions
with different cation types and valences as typical examples.
Rhombic ice in single-phase II is observed with similar varia-
tions of S, M, and Nh. The same order of magnitude of interac-
tion energy difference �E between phases I and II is obtained.
Please see details in PS10 in the Supplemental Material.

Conclusion. In summary, we find two two-dimensional
rhombic ice phases in the aqueous solutions under strong
confinement of graphene at ambient temperature by using
classicalMD simulations and first-principles calculations. The
rhombic ices are indistinguishable in geometry and ther-
modynamic properties, but with distinct projections of the
oxygen atoms against graphene surface symmetry. They re-
late to the stable and a metastable structures of confined
water molecules. Only one rhombic ice phase remains in
the confined saturated solutions since the other one becomes
an unstable high-energy state with the accompanying salt
ions. The result indicates salt ions heavily contribute to ice
formation and enlightens our understanding of the complex
water-solid-ion interactions in aqueous solutions.
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