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Abstract—The paper discusses the features of supercooled water thin film of width d = 3.97 nm contained by
the perfect graphene layers and crystallizing under external stationary electric field. It was found that the elec-
tric field applied perpendicular to graphene layers impedes structural ordering, while the electric field applied
in lateral direction contributes to formation of the cubic ice (Ic) phase, which is thermodynamically less stable
compared to the hexagonal ice (Ih) phase. It is shown that the growth of the Ic crystalline phase occurs with-
out formation of intermediate crystalline phases. It was found that the crystallization rate depends strongly
on the magnitude of the applied electric field. In particular, the processes of full electrocrystallization of the
system do not appear over simulation time scale (~40 ns) if the electric field of the magnitude less than
0.07 V/Å is applied.
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1. INTRODUCTION

Bulk water can form various phases, including liq-
uid and vaporous phases, as well as numerous crystal-
line and amorphous phases of ice [1, 2]. When water is
at specific spatial confinements, namely, adsorbed at
interfaces or enclosed in microscopic pores [3], then it
can be characterized by the physical properties differ-
ent from these for bulk states. Such low-dimensional
water determines the aspects of various phenomena in
materials science, nanotechnology, geology, and biol-
ogy. The results of numerical simulations and theoret-
ical calculations predict many possible thermody-
namic phases for adsorbed and confined water, while
experimental verification of these results is currently
problematic. Recently, water layer was experimentally
studied of nanometer size enclosed between two
graphene layers and it was found that under these spe-
cific conditions, water forms the crystalline ice phase
with the square lattice [4]. These results are very
intriguing because the detected phase has symmetry
qualitatively different from the usual tetrahedral
geometry of hydrogen bonds typical for water. In fact,
the ice phase with the square lattice can be considered
as a separate layer of the cubic ice in the crystallo-
graphic plane (001). Note that this crystalline phase
with the square lattice is characterized by a high pack-
ing density with the lattice constant equal to 2.83 Å.
This work develops the ideas proposed in [4] and is
aimed to study crystallization of thin film of super-
cooled water.

2. MODEL AND SIMULATION DETAILS
The simulated system presents a water film of a

nanometer size enclosed between two perfectly
smooth graphene layers. The interaction between
water molecules was carried out on the basis of the
Tip4p/Ice model potential, which properly describes
the phase diagram and properties of crystalline and
amorphous ices [5]. The intramolecular bonds and
angles are constrained by conditions according to the
SHAKE algorithm. To take into account the long-
range Coulomb interactions between the partial
charges, we used the PPPM-method with the cutoff
radius rc = 13 Å. The interaction between water mole-
cules and carbon atoms was carried out using the Len-
nard–Jones potential, where the interaction parame-
ters were determined on the basis of the Lorentz–
Berthelot mixing rule [6].

The simulation was performed in NVT ensemble
for the supercooled water at the temperature T =
268 K and density ρ = 0.92 g/cm3. To stabilize the
temperature of the system, the Nose—Hoover ther-
mostat with a relaxation parameter of 1.0 ps was
applied. Periodic boundary conditions were applied
along the X and Y directions. Schematic sketch of the
simulated system is presented in Fig. 1a.

We independently considered two cases when an
external stationary electric field is applied perpendic-
ular to graphene layers and parallel to graphene layers.
The imposed electric field was stationary, and the sit-
uations with various magnitudes E of this field, in a
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range of 0.05–0.5 V/Å, were simulated. The statistical
averaging of the evaluated quantities was performed
over results of ten independent simulation runs.

3. RESULTS AND DISCUSSION
To identify the effect of the field on the structural

ordering, we use the structural analysis, which is based
on calculation of the global Steinhardt–Nelson–
Ronchetti orientational order parameter [7]:

Here, Nb(i) is the number of nearest neighbors for the
ith molecule, Ylm(θij, φij) are the spherical harmonics;
θij and φij are polar and azimuthal angles, respectively.
It should be noted that each type of crystal lattice is
characterized by a unique set of values of the orienta-
tional order parameters Ql (where l = 4, 6, 8, …). This
allows to identify local crystalline structures of a cer-
tain type. So, for example, the parameter Q4 takes val-
ues 0.259 and 0.506 for perfect hexagonal and cubic
ices, respectively. For disordered systems (water,
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amorphous ice), the parameters Q4 and Q6 take values
close to zero.

For the case of the electric field imposed perpen-
dicular to the simulated system, no structural ordering
is observed. The internal energy U and the order
parameter Q4 do not change with time (Fig. 1b). On
the other hand, as found, the field applied in lateral
direction promotes structural ordering. Here, the pro-
cess of structural ordering is determined by two char-
acteristic regimes. The initial regime is associated with
the orientation of dipole water molecules under the
influence of an external electric field. The subsequent
regime is characterized by relaxation of the metastable
system into the crystalline phase. As seen in Fig. 1c,
the time scale of electrocrystallization of the sample is
evaluated as τ = 23 ± 1 ns.

Now we consider how the magnitude of the electric
field does impact on the structural ordering. For this,
the time dependences of the order parameters were
calculated for crystallization at various electric field
strengths E in a range of 0.05–0.5 V/Å. As seen from
Fig. 2, for the case with the electric field magnitudes
E < 0.07 V/Å, the structural ordering is not observed
over simulation time scales (~40 ns). On the other

Fig. 1. (a) Schematic sketch of the simulated system; (b) and (c) time dependences of the internal energy and global orientational
order Q4, for confined water film at the temperature T = 268 K and density ρ = 0.92 g/cm3 under the external electric field of the
magnitude E = 0.5 V/Å. 
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hand, the fields of higher magnitudes, E ≥ 0.07 V/Å,
promote the crystallization.

Emergent crystalline phase can be also detected by
the specific contour of the density profile. In Fig. 3,
the density profiles are shown, evaluated for the sys-
tem under study in the absence of the field (thick line)
and for the system under external field with the mag-
nitude E = 0.1 V/Å (thin line).

In the absence of the field, a layering is observed
only for the spatial ranges near the graphene walls, that
is due to the hydrophobicity of the walls. On the other
hand, for the case of imposed electric field, the peri-
odic contour of the density profile, typical for an
ordered structure, is observed.

In Fig. 4, we show (Q4, Q6) diagram with the trajec-
tories that demonstrate formation of the ordered phase
at various magnitudes of the electric field.

4. SUMMARY

In the present work, using molecular dynamics
simulations, it was found that the external stationary
electric field acting on thin film of supercooled water
confined by graphene walls promotes crystallization.
As found, the structural ordering of the system
depends strongly on the direction and magnitude of
the applied electric field. Namely, the field applied in
the lateral direction leads to the formation of cubic ice

phase that is less thermodynamically stable in com-
parison with hexagonal ice phase. It was established
that formation of the Ic phase occurs without forma-
tion of intermediate crystalline phases.

Fig. 2. Time dependences of the global orientational order parameter (a) Q4 and (b) Q6, for water film in confinement at the tem-
perature T = 268 K and density ρ = 0.92 g/cm3 for various magnitudes of the external electric field. 
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Fig. 3. Density profile of the system at the temperature T =
268 K. Thick line corresponds to the system in the absence
of a field; thin line presents results for the system under
electric field of the magnitude E = 0.1 V/Å at the time
moment τ = 40 ns after start of applying the field. 
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Fig. 4. (a) Trajectories of formation of the ordered phase on the (Q4, Q6) diagram for the system at the temperature T = 268 K
and the density ρ = 0.92 g/cm3 for various magnitudes of the external electric field. Colored circles indicate location of various
possible crystalline phases on the diagram. (b) and (c) Snapshots of the system under study in the crystallographic planes (001)
and (101), respectively. 
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