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In contrast to the common belief that confinement promotes water solidification, here we show
by molecular dynamics simulations that confinement can impede water solidification under electric
fields. The behavior is evidenced by the increase in critical electric field strength for water solidifi-

cation as the confinement progresses. We also show that the solidification occurs more easily with a
parallel field than a perpendicular one. We understand and generalize these results by developing an
energy theory incorporated with the anisotropic Clausius—Mossotti equation. It is revealed that the
underlying mechanism lies in the confinement effect on molecules’ electro-orientations. Thus, it be-

comes possible to achieve electro-freezing (i.e., room-temperature ice) by choosing both confinement

and electric fields appropriately.
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1 Introduction

Owing to the importance of water, it has attracted much
attention from scientists in various fields ranging across
physics, chemistry, biology, and ecology. For water, a
most important topic to scientists is phase transitions [1—
22]. In particular, studies on water solidification are fun-
damentally crucial in environmental science (i.e., anti-
icing materials [23, 24]) and biological techniques (e.g.,
fresh keeping [25] or effectiveness testing of antifreeze
protein [26]). Molecular water thin films under confine-
ment are the starting stage for the nucleation of ice
around certain proteins [27]. Additionally, controlling the
crystallization in cells is of great value in determining the
ability of many organisms such as polar fish, bacteria,
and plants to survive and thrive in subfreezing habitats
[28].

It is known that the normal freezing temperature is
0°C for bulk liquid water. Hence, for potential applica-
tions, how to raise the freezing temperature becomes a
challenge. On one hand, confinement has frequently been
suggested in the literature [6-10, 29-33]. For example, re-
searchers [6-10, 29-33] have reported that extreme con-
finement can promote the spontaneous solidification of

water or other liquids, which results from the reduction
of entropy due to confinement. For example, a monolayer
of ice at 300K in a confined system has been reported
[7]. Actually, when water is thinner than 4-6 molecu-
lar layers, solidification can be promoted by confinement
[6-10]. On the other hand, some researchers have sug-
gested the use of electric fields together with confine-
ment [12, 13, 17-20]. This is because electric fields can
provide the activation energy for nucleation by inducing
the rearrangement of hydrogen-bond networks through
the torsion of water molecules. The synthetical effect
from electric fields and confinement induces novel phe-
nomena and a better understanding of water solidifica-
tion. Lateral electric fields were employed by Qian et al.
[34] on confined water within a fixed separation between
two walls, and three kinds of bilayer ice were found at
230K as the electric field was increased to specific val-
ues. Zhu et al. [35] investigated phase transitions of the
first water layer adsorbed onto charged graphene at room
temperature from electromelting to electrofreezing as the
charge value increased, which is attributed to the change
of water—water interactions from attractive to repulsive
at a critical charge value. Mei et al. [36] explored the
phase behavior of water confined between two solid walls,
where positive and negative charges of the same magni-
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tude were assigned to atoms located diagonally in neigh-
boring hexagons. A transition between two kinds of ice
was found at 240 K as surface charges were increased, and
their formation was due to nanoconfinement and surface
charges, respectively. Simulations [12, 13, 17, 19] and ex-
periments [20] have helped to reveal that water between
nanogaps can freeze into a solid phase with a higher freez-
ing temperature when external electric fields are added
parallel [17] or perpendicular [12, 13, 19, 20] to the two
walls forming the nanogap. In other words, when the de-
gree of confinement is fixed, the addition of external elec-
tric fields can raise the freezing temperature as expected,
and a stronger field yields a higher freezing temperature
due to the input of more activation energy for nucleation.
However, the inverse question has never been asked. That
is, when the external electric field is fixed and added to
a nanogap containing water molecules with a constant
number density, can an increasing degree of confinement
help to raise the freezing temperature? (The reason why
we specify “a constant number density” herein is that we
need to focus on the pure effect of confinement by fix-
ing the initial state of water.) Evidently, asking such an
inverse question is necessary because of its academic sig-
nificance and practical importance. Clearly, an intuitive
answer to this question might be “YES” but our answer
is “NO,” which is counterintuitive indeed. To achieve our
answer to the question, we resort to full-atom molecular
dynamics simulations, together with an independent en-
ergy theory incorporated with the anisotropic Clausius—
Mossotti equation. As a result, we found that parallel
electric fields are more favorable for water solidification
than perpendicular electric fields. Now let us proceed by
first introducing the molecular dynamics simulations.

2 Molecular dynamics simulations: Methods
and results

2.1 Methods

Molecular dynamics simulation, which has been widely
used for studies of water dynamics [7, 18, 19, 37-41], is
adopted here. Figure 1(a) displays our simulation system
containing water molecules between two parallel graphite
sheets, each having an area of 4.762 nmx5.006 nm within
the XY plane. The distance (d) between the two sheets
ranged from 1.2 to 4.4nm, and the simulation data were
collected every 0.2nm. It is worth mentioning that the
specific range of d contained the confined systems that
corresponded to water films thinner than 4—6 molecular
layers [42]. Note that a water film that has a thickness
larger than 7-8 molecular layers behaves as bulk water
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rather than confined water [42]. In our simulations, ex-
ternal electric fields (F) were applied along the Z or
X axes and are called perpendicular or parallel electric
fields accordingly. The electric field strength (F) ranged
from 0 to 50 V/nm, as was adopted in previous simula-
tions [12-14, 16, 18, 19]. In addition, according to Refs.
[29-33], where the influence of confinement on liquids for
field-free systems has been investigated through experi-
ments and simulations, we also kept the number density
of water molecules as a constant, 30.2nm ™3, for all our
simulations in order to focus on the pure effect of con-
finement on electro-freezing by fixing the initial state of
water molecules [14, 17, 43].

More details on simulations are introduced as follows.
We chose a canonical ensemble at room temperature
(300K) by resorting to the molecular dynamics package
Gromacs 4.0.7 [44, 45]. Water molecules were modeled
with the extended simple point charge (SPC/E) pair po-
tential [46], and the water—wall interactions were treated
by the Lennard-Jones potential, Vz ; = 4e[(2)'? — (£)°],
where € and o come from Ref. [47]. The particle-mesh
Ewald method [48] was used for the electrostatic inter-
action; evaluation of non-bonded interactions was per-
formed by using a twin range cutoff of 0.9 nm and 1.4 nm
for the Coulombic and Lennard-Jones potentials, re-
spectively. We also adopted the thermostat of Nosé and
Hoover [49-51] with a time constant of 0.5 ps. Moreover,
the periodic boundary condition was used along the X
and Y directions. To avoid non-physical results, we set
the size of the simulation box along the Z direction to be
three times the distance between the two sheets, which
is similar to the EW3DC method [52]. In our simula-
tions, a time step of 2fs was adopted. The simulation
for each parameter set ran for 5ns, and the last 3ns
were collected for analysis. Additionally, we considered
two water molecules to form a hydrogen bond if the dis-
tance O...0 is shorter than 0.35nm and simultaneously
the angle O-H...O is less than 30°.

2.2  Results and discussion

Figure 1(b) displays snapshots of the water structure in
a liquid phase without E and two solid phases with E for
d = 1.4nm. It is evident that cubic [12, 13] and hexag-
onal ice [17] were formed under the perpendicular and
parallel fields, respectively. In addition, if d increases up
to a value larger than 7-8 molecular layers, we confirmed
that the water structures in both the perpendicular and
parallel field cases were cubic ice.

Figure 2 shows the lateral diffusion coefficients of
the XY coordinate plane as a function of electric field
strength for systems with different d values in the
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Fig. 1 (a) A perspective view of our simulation system with water molecules confined between two parallel graphite sheets
within the XY plane. The distance between the two sheets is denoted by d; the three different atoms, H (hydrogen), O
(oxygen), and C (carbon), are indicated. (b) Snapshots of water structure in a liquid phase (without electric field E) and
two solid phases (with F), where oxygen atoms in different sublayers are indicated by different colors (red and purple). For
a perpendicular (or parallel) electric field E = 50 V/nm (or 20 V/nm) along the Z (or X) axis, cubic ice (or hexagonal ice)

is formed.

presence of perpendicular or parallel electric fields. For
clarity, we focus on the critical electric field (E.), at
which point the lateral diffusion coefficients abruptly de-
crease as F increases. According to the meaning of the
lateral diffusion coefficients, we are allowed to consider
the water to behave as a solid or liquid for £ > E. or
E < E.. Under a perpendicular field, as d=1.2nm, E, is
approximately 38 V/nm. With increasing d, E. suddenly
decreases to ~15V/nm as d >2.4nm. Some of these re-
sults agree with previous reports. For example, at room
temperature, when d is approximately 1.8 nm, the criti-
cal field strength is approximately 30 V/nm [16], and it is
between 10-20 V/nm when d=4.0nm [13]. However, for
the parallel electric field, it only changes from 9V /nm to
5V/nm with increasing d. Here, the partial results also
agree with the previous work [17].

From the two insets of Fig. 2, we find that E. increases
as d decreases, which indicates that a stronger degree
of confinement makes water solidification more difficult.
On the other hand, we also find that at a given value
of d, the E. values for parallel field cases [Fig. 2(b)] are
always smaller than those for perpendicular field cases
[Fig. 2(a)]. This indicates that parallel electric fields are
more favorable for water solidification than perpendicu-
lar electric fields.

In order to understand the results obtained from Fig.
2, we further analyzed the simulation data, with a focus
on the radial distribution function of water molecules,
average components of the dipole moment per water
molecule, and the average number of hydrogen bonds per

Guo-Xi Nie, Yu Wang, and Ji-Ping Huang, Front. Phys. 10(5), 106101 (2015)

water molecule. Radial distribution functions (RDF's)
can be used to analyze the structure of water. Lig-
uid and solid water display different structural features
in the RDF. In particular, liquid water has platforms
or low-resolution-peaks in the RDF, whereas solid wa-
ter or water with a crystal-like structure has spiculate
peaks. The results are shown in Fig. 3. Under per-
pendicular electric fields (E,) [Fig. 3(a)], as d=1.2nm,
where E. ~ 38 V/nm, water exhibits a crystal-like struc-
ture when F; =40V/nm, and it remains liquid when
E, < E.; as d=1.8nm, where E. ~ 26 V/nm, a crystal-
like structure is found in both cases with E; =30V /nm
and 40 V/nm; when d=3.0 nm, the crystal-like structures
also occur when F is larger than the critical electric
field E. ~18 V/nm. On the other hand, Fig. 3(b) shows
the RDFs for parallel electric fields (£,/). The results
also depend on the shift of F. values, which echoes the
results shown in Fig. 3(a). Comparing Fig. 3(a) and Fig.
3(b), we find that for a small d of 1.2nm, cubic ice and
hexagonal ice are observed for the perpendicular and par-
allel electric fields, respectively. However, in a bulk-like
case (such as d=3.0nm), crystal-like structures in both
systems appear to be cubic. Figure 3(c) shows a further
comparison. As d increases, the degree of overlapping of
RDFs for both systems shows the tendency to be the
same cubic structure.
When water freezes, water molecules align in an
ordered manner through the rearrangement of water
dipoles. First, to reveal the mechanism of water orienta-
tion for field-free systems, the absolute average molec-
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Fig. 2 Lateral diffusion coefficients as a function of electric field strengths (E) for confined systems with different d values
in the presence of (a) a perpendicular electric field and (b) a parallel electric field; d = 1.2, 1.4, 1.8, 2.4, 3.0, and 4.4 nm.
The two insets in (a) and (b) show that the critical field strength, E., increases as d decreases. Note that the scales of E
are different in (a) and (b).
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Fig. 3 Radial distribution function (RDF) of water molecules for d=1.2, 1.8, and 3.0nm (a) under perpendicular electric
fields (E L) of 0, 20, 30, and 40 V/nm and (b) parallel electric fields (E//) of 0, 6, 9, and 20 V/nm. (c) Comparison between
the RDFs for the two systems with £, = 40V/nm and E, =20V/nm. The two systems have close lateral diffusion
coefficients (D).

ular dipole moments (P) along the X, Y, and Z di- Px, Py, and Pz exclude the offset of dipole moments
rections (Px, Py, and Pyz) are calculated respectively. along inverse directions in order to present the dipolar
P, = (Efil |pin|)/N, n = X,Y, Z, where p is the dipole orientation preference among the three axes. The results
moment of each water molecule and N is the number of are shown in Fig. 4(a). Px and Py, which are parallel
water molecules in each system. It should be noticed that to the walls, are almost same, but they are larger than
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Py. This is because the walls break the hydrogen bonds
along the Z direction. Additionally, as d increases, water
tends to be isotropic since the three components along
the X, Y, and Z directions tend to be close to each
other. If we add an external electric field, the structure
of water should be changed due to the reorientation of
water dipoles, thus yielding new structures. In Fig. 4(b),
as the perpendicular electric field E increases, Py grad-
ually exceeds Px and Py . Moreover, the smaller d is, the
more difficult Px and Py are overstepped by Pz. Under
a parallel electric field F/, Px increases fast, whereas Py
and Pz decrease and become close to each other. These
results are shown in Fig. 4(c).

On the other hand, to find the degree of molecular
dipoles’ uniform orientation under various F values in
each system, we calculated the average molecular dipole
moments along the Z (Qz) or X (Qx) direction as a
function of perpendicular or parallel electric fields for dif-
ferent d values according to Q = (le\il pi)/N, where
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Fig. 4 Average components of the dipole moment per water
molecule in absolute value along the X, Y, and Z directions as a
function of (a) d for E = 0V /nm, (b) perpendicular field strength
for various d values, and (c) parallel field strength for various d
values. Note that the black and red curves in (b) are overlapped.
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k = X,Z; see Fig. 5. Note that Qz and @Qx include
the offset of molecular dipole moments along the inverse
directions. It is obvious that with increasing F, the av-
erage molecular dipole moments in all systems increase
and then converge. This implies that as E strengthens,
the consistent degree of dipolar orientation increases and
reaches a threshold after E reaches specific values. How-
ever, such a consistent degree of dipolar orientation un-
der parallel electric fields occurs more easily than those
with perpendicular ones because weaker electric fields are
required. Moreover, water dipoles at smaller d values are
rotated more laboriously than those at larger d values for
the same perpendicular or parallel electric field strength.
In general, Fig. 5 shows that the more a confined system
impedes the molecular structure being rearranged, the
stronger E. is needed. This helps to understand Fig. 2.

Another important step for water solidification is the
rebuilding of the hydrogen-bond network. Therefore, the
average number of hydrogen bonds per water molecule
under different field strengths for systems with perpen-
dicular or parallel electric fields was calculated, and the
results are graphed in Fig. 6. Generally, in each system,
as F increases, the number of hydrogen bonds initially
decreases; it then increases and converges. Here, the elec-
tric field at which the number of hydrogen bonds starts to
increase corresponds to the critical electric field adopted
in the main text. When the electric field E is relatively
small (E < E.), it helps to rotate water dipoles, break-
ing the original hydrogen-bond network. However, it is
not strong enough to rebuild a new network, so the num-
ber of hydrogen bonds decreases. When the electric field
increases further, a new hydrogen-bond network is estab-
lished gradually, and the solidification of water begins to
appear.

In general, the underlying mechanism lies in the fact
that water dipoles prefer to be parallel to walls without
E. Owing to this preference of orientation, for field-free
systems, a strong degree of confinement can promote an
orderly alignment of molecular dipoles, thus helping so-
lidification to occur. However, when an external electric
field is applied, water dipoles tend to be directed along
the direction of E. Furthermore, in the case of a stronger
degree of confinement, it becomes more difficult to ro-
tate water dipoles, which causes the inverse correlation
between E, and d observed in Fig. 2.

Accordingly, since water dipoles tend to be parallel to
walls without F, it requires more energy for the perpen-
dicular electric field than for the parallel electric field
to make solidification occur. Thus, parallel electric fields
are more favorable for water solidification than perpen-
dicular electric fields. Such analysis is consistent and can
be used to explain Fig. 2. However, this analysis is based
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Fig. 5 (a) Average Z-directed component of the dipole moment per water molecule, Qz, for d = 1.2-4.4nm versus

perpendicular electric fields (along the Z axis); (b) Average X-directed component of the dipole moment per water molecule,
Qx, for d = 1.2-4.4nm versus parallel electric fields (along the X axis). Note that the range of electric fields is different in

(a) and (b).

(a)

—0— 1.2 nm —O0— 1.4 nm
1.84 —4—1.8nm—<—24nm
—0— 3.0 nm —4>— 4.4 nm

(b)

——1.2 nm —O0— 1.4 nm

—/—1.8 nm —+—2.4 nm
——3.0 nm —>—4.4 nm

Average no. of H-bonds per water molecule

45 0 5 10 15
E (V/nm)

o -
—_
W
(%]
S

Fig. 6 Average number of hydrogen bonds per water molecule
as a function of (a) perpendicular electric fields (0-50 V/nm) and
(b) parallel electric fields (1-15 V/nm).

on the simulation data only. Thus, we are in a position to
develop an independent energy theory for understanding
and generalizing the above simulation results. Here the
wording “generalizing” means that the theory presented
below is independent of both the specific water model
and the specific graphite sheets that were adopted for
conducting the above simulations.

3 Energy theory incorporated with the
anisotropic Clausius—Mossotti equation:
Comparison with simulation results

According to the above simulations, we have drawn two
key conclusions: one is that confinement can impede wa-
ter solidification in the presence of an external electric
field; the other is that water solidification occurs more
easily with a parallel electric field than with a perpen-
dicular one. In the preceding section, in order to under-
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stand the two conclusions, we have analyzed the simula-
tion data by plotting Figs. 3-6. Nevertheless, in order to
understand and generalize the simulation results, we feel
obligated to develop an independent theory as follows.

Let us start by considering the electrostatic energy
density, namely, the volume-averaged electrostatic en-
ergy (U) for the whole confined system in the presence
of an external electric field F,

U= 1swEQ, (1)
2
where ¢, is the effective dielectric constant of water
molecules confined between the two walls. On the other
hand, the electrostatic energy density (U, ) for the same
system without water molecules is given by

1
Uv = §€vE2, (2)

where ¢, is the dielectric constant of a vacuum. Clearly,
the difference between U and U,, AU = U — U,, repre-

sents the volume-averaged electrostatic energy stored by
the water molecules only.

1
AU = §(Ew

— &) E2. (3)
The substitution of E = 0V/nm into Eq. (3) yields
AU = 0, which corresponds to the fact that the wa-
ter molecules are distributed randomly due to the lack
of external electric field. On the other hand, when E # 0
V/nm, Eq. (3) leads to AU # 0, indicating that the wa-
ter molecules tend to be directed along the direction of E
and become closer. This process is just the signal of solid-
ification resulting from the input of electrostatic energy.
In other words, the solidification of water molecules is
equivalent to the process of storing the electrostatic en-
ergy in the water molecules. Namely, larger AU causes a
higher degree of solidification of water molecules in the

Guo-Xi Nie, Yu Wang, and Ji-Ping Huang, Front. Phys. 10(5), 106101 (2015)
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confined system. Next, in order to calculate AU in Eq.
(3), we must first determine the term, e, — ,. For this
purpose, we resort to the anisotropic Clausius—Mossotti
equation [53-55].

gr(ew —€y) 4w
Ev +gL(5w - 51;) o 3

p?

M (a+ i 7). @
where N; is the number density of water molecules,
which is constant for different systems with different d
values throughout this work, a the polarizability, p the
permanent electric dipole moment of a water molecule,
kp the Boltzmann constant, and T" the absolute tempera-
ture. In Eq. (4), g1 is the local field factor [56-58], which
is used to measure the degree of structural anisotropy re-
sulting from the formation of molecular chains caused by
the external electric field F. Within the chain, the per-
manent dipole moment of each water molecule tends to
be directed along the direction of F, as required by the

interaction between the dipole moment and E. g7 can
be given by [56, 57|

_ 1 p /2

Here p(> 1) is the ratio between the averaged length (1)
of water chains and the diameter of a water molecule

(dw = 0.4nm). In particular, p = 1 corresponds to
gr = 1/3, an isotropic case where water molecules are
randomly distributed due to the lack of external elec-
tric field (E = 0V/nm). Because the chain cannot be
perfectly straight and the water molecules cannot be per-
fectly touching within the chain (due to thermal motion),
the value of p could be a non-integer, satisfying p > 1.
For the perpendicular field case, water chains are along
the Z axis and [ =~ d. According to the definition of p,
we may estimate p by using p = d/d,, for different d val-
ues. For example, d = 4.4 nm yields p = 11 in Fig. 7.
For the parallel field case, water chains are along the X
axis. To achieve qualitative results, the actual value of p
is not necessary, but p must satisfy three requirements:
(i) Because our system is confined along the Z axis but
open along the X and Y axes, [ > d. Then, the low-
est value of p must be larger than the maximum value
obtained for the perpendicular field case, 11; (ii) The
confinement impedes the reorientation of water dipoles
induced by electric fields, so with a smaller d, the con-
finement is stronger and tends to break the field-directed
water chains. Thus, p will increase as d becomes larger;
(iil) It will not increase as much as that in the perpendic-
ular case because the number density of water molecules
is constant in our systems. To qualitatively understand
the simulation results, we assume that p increases from
12 to 14 as d increases from 1.2nm to 4.4nm in Fig. 7.

Guo-Xi Nie, Yu Wang, and Ji-Ping Huang, Front. Phys. 10(5), 106101 (2015)
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Fig. 7 AU as a function of d for the confined systems under
perpendicular electric fields (£ ) or parallel electric fields (£//),
which is calculated according to Eq. (7). Two horizontal dashed
lines and one vertical dashed line are indicated for comparison.
Points A-G represent the intersection points.

According to Eq. (4), we obtain

2
%”Nl(a + %DT)EU

T 2
1= 5N+ 557)loe

Ew —Ev =

B
o (6)

Here, 3 denotes a positive constant. By substituting Eq.
(6) into Eq. (3), we obtain

NN (7)
291

Based on Eq. (7), we performed numerical calcula-
tions; see Fig. 7, which shows the effect of different
electric fields on AU for both perpendicular and par-
allel field cases. It is evident that AU decreases as d de-
creases in both cases. That is, for a smaller d, namely, a
higher degree of confinement, the volume-averaged elec-
trostatic energy stored by water molecules is smaller. In
particular, for parallel field cases, points A—C represent
three systems with increasing d but decreasing E in or-
der, which, however, correspond to the same AU. They
show that a stronger external field strength is needed for
a narrower space to reach the same electrostatic energy
(i.e., the same degree of solidification). The behavior also
holds for perpendicular field systems (see points D-F).
This fact shows that the confinement can impede solidifi-
cation under specific external electric fields. On the other
hand, comparing points C and G, we find that with the
same E and d, the system with a parallel external elec-
tric field has a higher electrostatic energy density, which
results in easier solidification for parallel field systems
than for perpendicular field systems.

So far, the two conclusions obtained from our molec-
ular dynamics simulations have been well understood
and generalized by using the energy theory based on the
anisotropic Clausius—Mossotti equation.
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4 Conclusions

We have performed full-atom molecular dynamics simu-
lations for water molecules within the nano-gap formed
by two graphite sheets at room temperature and have
drawn the following conclusions. Confinement at the
nano-scale can impede water solidification in the case
of external electric fields; this result is in contrast to the
common knowledge that confinement promotes water so-
lidification. In addition, water solidification occurs more
easily with a parallel electric field than with a perpen-
dicular one.

The simulation results have been well understood and
generalized by developing the energy theory based on the
anisotropic Clausius—Mossotti equation. As revealed by
us, the general mechanism originates from the effect of
the confinement of the walls on the electro-orientations
of the water molecules. Thus, it becomes possible to
achieve various kinds of electro-freezing (such as room-
temperature ice) or electro-melting by choosing confine-
ment and electric fields appropriately.
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