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ABSTRACT

The influence of thermodynamic and structural conditions on water-ice phase change process was inves-
tigated with consideration of graphene-water surface interactions for fundamental understanding and ef-
fective control of freezing propagation. The phase change propagation as well as structural and energetic
properties during the phase change were examined by analyzing atomic data from molecular dynamics
simulations. The freezing propagation speed is affected by the competition between atomic mobility and
thermodynamic driving force for phase change, which causes an optimal temperature for fast ice growth
to appear at 252 K. In addition, the water-ice interfacial energy, which depends on the orientation of the
water-contacting ice surface, changes interfacial structural stability and thus freezing propagation, i.e., a
higher interfacial energy leads to a faster ice propagation. Therefore, we suggest that the water-ice phase
change propagation can be controlled by adjusting the orientation of ice crystal. The surface interactions,
or graphene-water interactions in this research, affect the energetics near the water-surface interface.
The energetic change rearranges the ice crystal or surface structures to reach the most stable ice-surface
configuration or minimum energy state, in which the basal plane of the ice crystal is parallel with the
graphene surface. As ice propagation is the slowest perpendicular to the basal plane, ice can grow faster
parallel to graphene surface. The findings from this study provides insights to ice propagation control

mechanisms for versatile freeze casting and its broader applications.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Water freezing is one of the most familiar phase-change phe-
nomena in nature and an essential process for diverse science and
engineering fields, such as microbiology [1], physics [2], and mate-
rials science [3]. One of the representative applications, which take
advantage of the water-ice phase change process, is freeze cast-
ing or ice templating, where materials dispersed in liquid can be
aligned by the anisotropic solidification of the liquid [4]. Freeze
casting is employed to produce aligned porous structure from vari-
ous building blocks [5], such as ceramics [6], graphene [7], and car-
bon nanotubes [8]. We studied the freezing process with an inter-
est in the synthesis of graphene aerogels with aligned pores, which
can be used as a component of electrochemical storage systems,
specifically as an electrode material in organic redox flow batteries
[9]. Since the working principle of freeze casting is to construct the
material by phase change of water, water-ice interface propagation
behaviors affect the resulting structure. For example, the average
pore size and wall thickness of porous structures manufactured by
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freeze casting can be controlled by the solidification velocity [10].
Therefore, investigation of effective control of ice front propagation
is essential for the control of freeze-cast material structures and
ultimately their application performance.

Previous studies reported that the thermodynamic driving force
for phase change and the self-diffusivity of water molecules have
an opposite dependency on the temperature in the supercooling
region [11, 12]. Thus, temperature can be one of the parameters
controlling ice growth rate [13]. Surface interaction can be an-
other possible parameter to control ice propagation, as it was re-
ported to change the ice crystal structure in the proximity of sur-
face/water interface [14], which can also alter the ice propagation
and freeze-cast structures. For example, if a droplet of water was
frozen between two layers of graphene, a two-dimensional (2D)
square-like crystal ice structure formed [15]. Since the interaction
between water and graphene enhances the reordering of the wa-
ter molecules [16], the freezing behavior and water-ice interface
propagation near the graphene appear differently such as crystal
structure [17]. Moreover, the average density profile and diffusion
of water molecules near the interface can be changed by the crys-
tal orientation of ice surface [18] in contact with water. Therefore,
we can expect the control of water-ice interface propagation to be
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Fig. 1. Initial atomic configurations of molecular dynamics simulations for (a) pure water freezing, (b) water freezing with movable graphene flakes, and (c) water freezing
with a movable rigid ice cluster and a graphene plate at bottom. (Blue and yellow spheres: oxygen and hydrogen atoms from water or ice molecules, orange spheres: carbon
atoms from graphene, and red spheres: oxygen and hydrogen atoms from the rigid ice cluster).

achieved by the surface interaction and ice crystal surface orienta-
tion at the interface as well as temperature.

Although water freezing behaviors have been studied for both
pure water [11] and water-surface systems [19], the detailed mech-
anism of ice propagation and freeze casting process has not been
identified clearly to the best of our knowledge. To find an effective
control of ice propagation based on fundamental understanding of
freezing process, we investigated the water-ice phase change un-
der various conditions, changing temperature, ice crystal orienta-
tion, and surface interaction. In this research, molecular dynamics
(MD) simulations were employed to address the atomic-scale inter-
actions and structures for the fundamental understanding. For the
study of surface interaction, graphene was used as a surface ma-
terial due to our interest in freeze casting of graphene aerogel for
the development of electrode material with effective ion transport
and its 2D nature that reduces computational cost and facilitates
the analysis.

2. Methodology

Pure water structures were simulated via MD to examine the
effects of temperature and ice crystalline structure (Fig. 1a), while
the simulated systems for the study of surface interaction included
graphene flakes or surface (Figs. 1b and 1c). Since the sponta-
neous ice nucleation from pure water requires a prohibitively large
amount of simulation time in MD [20], a block of ice was in-
troduced as a nucleation seed into initial simulation cells to ac-
celerate the water-ice interface propagation. Here, initial struc-
tures of pure water and water with graphene flakes contain 50%
of water molecules as ice, and a small ice seed is added near
the graphene surface for water-graphene surface simulations. The
periodic boundary conditions were used in all three dimensions.
Therefore, in the simulation domain for a half-ice/half-water sys-
tem, two water-ice interfaces (I; and I,) exist, and they propagate
in the opposite directions as in Fig. 1a. Simulations with graphene
flakes (Fig. 1b) and those with ice cluster and a graphene plate
(Fig. 1c) were conducted to investigate the effects of the surface-
water interaction on the structural changes, i.e., re-alignment of ice
or graphene structures, during the ice propagation ultimately for
enhanced understanding of freeze casting.

The TIP4P/ICE model [21] was employed to calculate posi-
tions and momentums of water molecules because it accurately
reproduces thermodynamic properties, especially ice-water phase
change properties. TIP4P/ICE is a rigid water model that fixes bond
length (O-H) of 9.572 A and bond angle (H-O-H) of 104.52° as
constant, and the charges of O and H atoms are —1.179e; and
0.589¢., respectively, where e. is the elementary charge. The mass-
less charge site M was introduced 0.1577 A away from the O atom.
The SHAKE algorithm [22] was also used to enforce the rigidity
of water molecules. The particle-particle particle-mesh (PPPM) al-
gorithm [23] is applied to compute the long-range Coulombic in-
teractions among the water molecules. In addition to the Coulom-
bic interaction, dispersive intramolecular interactions (¢) between
oxygen atoms of water molecules with a distance less than the cut-
off distance (r.) are calculated using the 12-6 Lennard-Jones (L])
model [24]:

o) =4s[(f)u— (‘:)6} = (1)

where ¢ is the L] interaction energy strength, o is the distance at
which the potential is zero, and r is the interatomic distance. In the
simulations, the parameters for oxygen-oxygen interaction (O-0)
were set as eo.o = 9.142 meV, 04, = 3.16 A, and Tco-o = 8.5 A.
In the simulations including graphene, the carbon-oxygen (C-0)
interaction for the graphene-water interaction was also calculated
using a L] model with parameters of ec., = 8.19 meV, o, = 3.19 A,
and r¢c.o = 8.0 A [25]. The carbon-carbon (C-C) interaction within
a graphene plate was modeled with the Tersoff potential [26].

To integrate Newton’s equations of motion, the velocity-Verlet
algorithm [27] was used, and the temperatures were controlled via
Nose-Hoover thermostats in all MD simulations in this research.
Pure water simulations used a time step of 1.0 fs, while simu-
lations with graphene employed a shorter time step (0.5 fs) to
treat carbon atoms with high vibrational frequencies. Two different
sizes of water freezing simulations containing 864 and 9216 water
molecules were conducted to verify the size effect on the simula-
tion results. Moreover, since the triggering of the freezing process
varies with surface-to-volume ratio [28], these two systems were
adjusted to have the same ratio between the area of water-ice in-
terface and the volume of ice. The result shows that the increment
of propagation speed is relatively small (< 14%) with more than 10
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Fig. 2. (a) Hexagonal ice crystal structure and basis vectors, and atomic configurations of three surface orientations (basal, primary prism, and secondary prism). (b) Initial
atomic structures (oxygen: blue, hydrogen: yellow, and carbon: orange) of water-ice system with two inclined graphene flakes with two distances (d,;) between the flakes

and a water-ice interface, and (c) water with ice seed (red) on graphene surface (first row: front view and second row: bottom view). Three different surfaces of the ice
crystals are facing down to graphene.

times larger system size. This result is in a good agreement with a
previous study [29].

In MD simulations, temperature, ice crystal orientation, and
water-surface interaction were control parameters, and their ef-
fects on water-ice interface propagation were investigated. First,
to examine the temperature dependence, a 52 A x 21 A x 27 A
water-ice system was initially equilibrated at 250 K with an NPT
ensemble (i.e., fixed number of molecules, pressure, and tempera-
ture) for 3.5 ns. After initial relaxation, the ensemble was switched
to NVT (constant number of molecules, volume, and temperature)
at a desired temperature (T) ranging from 200 K to 270 K for
30 ns. The effect of ice crystal orientation was studied by sim-
ulating three cases of ice-water system with a different interface
structure. Within a simulation box of 52 A x 21 A x 27 A, the ice
surface in contact with water has a crystal structure of either basal
plane, primary prism plane (denote as P1), or secondary prism
plane (denote as P2) as depicted in Fig. 2a. For the analysis of ice
propagation, we processed 20 ns of atomic data produced by MD
simulations with NVT at 250 K, after the relaxation of the initial
structures with different ice surface orientations for 1.0 ns (NPT, at
250 K).

For the study of the surface interaction, specifically graphene-
water interaction, two types of MD simulations were performed.
First, water-ice structures that included graphene flakes were used
as initial structures to examine the structuring during the freez-

Basal

Bottom view

ing process. Two graphene flakes were added to the half-water,
half-ice system with a dimension of 52 A x 21 A x 27 A. The
distance between the centers of the graphene flakes was 13.3 A
and they have +45° of inclination angles. Two different distances
between the flakes and water-ice interface (dy; = 3 and 14 A) are
set as Fig. 2b shows. The atomic data for analysis were recorded
for 30 ns of a simulation with NVT at 220 K, and we examined
the relative orientation between the graphene flakes and the basal
plane of the ice crystal. The second case of freezing simulations
with graphene-water interaction employed initial atomic structures
of 17 A x 17 A x 22 A water with a 17 A x 17 A graphene surface.
A prebuilt ice seed of 4.5 A x 5.2 A x 4.6 A was included, and the
center of the ice seed was located 9.7 A above the graphene sur-
face. Three different crystal orientations of the ice seed surface (i.e.,
primary prism, secondary prism, and basal) facing the graphene
were tested in MD as in Fig. 2c. The atomic trajectory data from
the MD simulations (with NVT at 220 K) for 100 ns were used for
the analysis of ice propagation and atomic behaviors during freez-
ing. For the study of energetics during freezing, the regional ener-
gies of the three configurations (Ug avg) were calculated from the
potential energy of water molecules in the sampling region, which
was defined between the ice cluster and graphene flakes (yellow
dash line in Fig. 2c).

Since we studied effective control of ice propagation, the prop-
agation speed was a major property that we measured by pro-
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cessing the resulting MD data. The speed was calculated using the
location change of the water-ice interface with respect to time.
To identify the phase (water or ice) and ultimately the location
of the water-ice interface, we employed the Steinhardt-Nelson or-
der parameter (q) [30]. This method quantitatively recognizes spe-
cific crystal orders based on spherical harmonic functions Y, [31],
which are the solutions of the Laplace’s equation in the spherical
domains and widely used to describe spherical or near-spherical
symmetry systems. Each Yj,,, where | and m stand for the orders
of the functions, represents a specific shape of the solution. The
Steinhardt-Nelson order parameter of order I of molecule i is given
as,

2

) ar )
q()= mm;lmm(l)

iy (i)

where qin (i) = 2= 3 Yin(1). J # 1. (2)
j=1

Here, r;; represents a position vector from molecule i to j (rep-
resented by O atom), and nyy(i) is the total number of the nearest
neighboring molecules of i. Using the structure order parameters
of molecule i and its nearest neighboring molecules, the average
structure order parameter ¢ (i) is calculated as [32]

]
— . 4 12
q() = \/2“_1 Z |qim (D],
m=—I
ny (i)+1

where g, (i) = () £ 1 ; Qim (J)- (3)

Water molecules with the average Steinhardt-Nelson parameter
of order 6 larger than 0.385 (gg > 0.385) are recognized as ice-like
phase, while those with gg < 0.385 are as water-like phase [32].
For ice-like structures (§g > 0.385), G4 is used to identify a more
detailed structure order; i.e., when ¢4 < 0.42, the ice structure is
regarded as hexagonal (ice-I), while it is cubic for g, > 0.42 (ice-
I¢). Thus, the gg-G4 scatter plot was used to analyze the freezing
progress and the detailed ice crystal structure. For the calculation
of the water-ice interface propagation speed u,,;, the entire simu-
lation domain of the water-ice system was subdivided into n slabs
(Se k =1, 2, 3, ..., n) with a uniform thickness of 4.2 A along the
x-axis (ice propagation direction). Local structure order parameter
(Gs) at x = x; (the center location of slab k) was evaluated by
taking an ensemble average of gg of water molecules in slab k. Us-
ing the spatial distribution of local structure order parameter qg
and the ice-water criterion for g, the location of the water-ice in-
terface was identified. Since the freezing propagation accelerates
as the liquid volume shrinks, the calculation of u,,; excluded the
freezing of the last two slabs before the freezing completion of the
whole simulation domain.

To understand detailed mechanisms of ice propagation control,
we examined the thermodynamic driving force of water-ice phase
change, the mobility of water molecules to join the phase transi-
tion, and the interfacial energetics. These are characterized by cal-
culating i) the difference of free energy between water and ice
phases, AG (eV), ii) self-diffusivity of water molecules, D (m?2/s),
and iii) water-ice interfacial energy y,, (mJ/m?2) [33], respectively.
Using the free-energy perturbation (FEP) method [34], the free-
energy difference (AG) between state A and state B was calculated
as

ABG = —kgT In (exp (— U — Un )) (4)
kBT

where kg is Boltzmann’s constant (8.617 x 10> eV/K), and U, and
Up are the potential energies of the system at state A and state B,
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respectively, and the angle brackets represent an ensemble average.
In MD, the free-energy perturbation is applied by coupling a per-
turbation parameter A into the interaction force calculation, vary-
ing A from O to 1 with an increment of dA = 0.001. The perturba-
tion parameter A was introduced into the atomic point charges of
oxygen and hydrogen atoms (A = O for no charge, while A = 1 for
full charge). Therefore, the free energy (G) in this study was de-
termined as overall free-energy difference Aﬁ:})G, which was ob-
tained from the ensemble average (over 10,000 cases for each A)
of the free-energy difference from timestep i to i + 1:

n-1 N n-1 U. . _U
AMZNG = Z A6 = —ksT Z 1n<exp (—%» i=1...n,
i—0 i—0
(5)

where n is the total number of the timesteps during the simula-
tion.

The self-diffusivity can be calculated by taking the mean square
displacement (MSD) of the simulated molecules [35, 36]:

N
MSD(0) = (Ar(t)) = © 3" [(0) - ri(O) 6)
i=1

where r;(t) is the position vector of oxygen atom i at time t. Us-
ing the time dependence of MSD(t), the self-diffusivity (D) is given
as,

D = lim ¥2O

t—o0 6t

(7)

With the calculated D, the diffusion activation energy of super-
cooled water can be obtained by fitting D with respect to temper-
ature to the Arrhenius expression [37]:

D = Dy exp (—%), (8)
where Dy is pre-exponential factor, and Q, is the activation energy
(eV). To estimate the dependence of the diffusivity on tempera-
ture, a series of MD simulations of supercooled pure water systems
(with 432 water molecules included) were conducted at T = 200 -
270 K.

Unlike the free-energy difference and the diffusivity, the wa-
ter/ice interfacial energy (y,;) is independent of temperature [38].
The calculation of y,,; employed the ensemble switch method
[39], where the energy difference between two different ensemble
stages is calculated. In the first stage, two separate ice and water
systems are simulated under the periodic boundary conditions in
all directions. The total energies of ice-only and water-only simu-
lation structures were measured under equilibrium and denoted as
Ew and E;, respectively. Then, combining the water and ice systems,
the total energy E, ; of the combined systems was calculated and
compared with that from the separate systems. Therefore, the in-
terfacial energy y,,; is given by

_ Ewii— (Ew+Ep)
le - 2A )

where A is the area of water-ice interface.

(9)

3. Results and discussion
3.1. Ice propagation in pure water

During freezing, new layers of crystal ice are formed near
the water-ice interface until the entire system is frozen. As de-
picted in Fig. 3a, the water-ice interfaces (I; and I,) were propa-
gated, expanding the crystal ice region between 0 and 30 ns af-
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Fig. 3. The freezing process of water-ice system at 250 K: (a) the water-ice interfaces propagate from ice region toward water region, and (b) the structure order parameter
plot at two different time steps, (t; = 0; t;= 30 ns after freezing process). More molecules have structure order parameters g larger than the water-ice criterion of 0.385 at

t = t;, demonstrating the formation of hexagonal ice structure.

ter relaxation. The scatter plot of structure order parameters of
water molecules in the entire simulation domain quantitatively
confirms the expansion of ice crystal (Fig. 3b), i.e., more data
points or more molecules of local order parameter gg > 0.385
at t = 30 ns.

To examine the water-ice propagation speed under different
temperature below the freezing point of the system, the super-
cooling temperature is defined as ATsc = Ty — Tsys, Where Ty is
the water-ice phase change temperature in MD simulations (265 K
in this study) and Ty is the simulated system temperature. In
pure water-ice systems, the water-ice interface propagation speed
(uwi), which was estimated by averaging the propagation speed
from three crystal surfaces (P1, P2, and basal), reached the maxi-
mum (0.20 m/s) at 13 K of AT (denoted as ATsc,max), as shown in
Fig. 4a. When the supercooling temperature is lower than ATsc,max,
u,,; decreased with decreasing AT, while for ATse > ATsc,max,
u,,; increased with decreasing AT.. In the simulations, significant
water-ice interface propagation (0.02 m/s to 0.20 m/s) was ob-
served in the range of 3 - 25 K of ATs. The supercooling and
the maximum propagation from our simulations (u,,; = 0.20 m/s
at 13 K of ATy) are in good agreements with other MD works
[11, 40] and experimental works [41], as presented in Fig. 4a. Even
though the maximum propagation speed appears at larger AT in
the experimental work [41, 46], the overall dependence and speed
are similar to our study.

The number of water molecules in an ice-like structure (gg >
0.385) at 30 ns after the beginning of ice propagation was the
largest at ATscmax (= 13 K), while at 65 K of AT, transition to
ice structure in the initial water region was not observed (Fig. 4b).
Large fraction of newly formed ice structures, when the highest
propagation speed appears (i.e., at AT max = 13 K), are cubic-
like, while the hexagonal ice structures are created partially in
case of ATsc = 5 K with a lower propagation speed. This is at-
tributed to a rapid phase transformation at ATs max Which causes
the metastable phase of ice (ice-Ic). On the other hand, the lower
propagation speed provides water molecules with sufficient time
for transition to more stable phase, i.e., hexagonal ice structure
(ice-I,) [47].

To explain the dependency of u,,; on the temperature (Tsys),
the mobility of water molecules and thermodynamic driving force
of water-ice phase change were examined by calculating the self-
diffusivity D and the free-energy difference between water and ice
(AG) at several temperatures. The self-diffusivity D describes the

random translational movement of water molecules driven by the
internal kinetic energy [48]. Fig. 4c shows the self-diffusivity D
of supercooled water calculated using MD data in a temperature
range of 200 - 280 K, and the results are compared with exper-
iments [42]. Although the self-diffusivities from MD are around
five times smaller than the experiments, the MD activation en-
ergy (—35.82 kJ/mol) that was calculated from the temperature-
dependence of the self-diffusivity between 200 K and 270 K is
close to the value determined by the experiment (—30.16 kJ/mol)
from 240 K to 270 K. The discrepancy from the experiments can
originate from the size effect in molecular simulations or the usage
of rigid water model, where atomic movements are constrained
[49]. The appearance of the maximum u,,; at higher tempera-
tures (smaller supercooling) in MD than experiments can be at-
tributed to the lower of self-diffusivity in MD, as Fig. 4a presents.
Since temperature represents the average kinetic energy of water
molecules, lower temperatures lead to lower mobilities or smaller
self-diffusivity. The lower mobilities of water molecules slow the
ice propagation as the transition to ice requires the migration of
water molecules to a lattice point of the ice crystal.

While the mobility of water molecules increases with tempera-
ture, the thermodynamic driving force of the phase change, which
we characterized using the free-energy difference between super-
cooled water and ice, decreases with increasing temperature, as
Fig. 4d shows. Linear fitting and extrapolation of the free-energy
values from MD simulations indicate that the free energy of crys-
tal ice is less than that of water when Tsys < 280 K, which confirms
that ice is more energetically stable. The opposite temperature de-
pendences of the thermodynamic driving force and self-diffusivity
of water molecules explain the existence of optimum freezing tem-
perature (T,;max) for the maximum water-ice propagation speed
(252 K in this report).

The water-ice interface propagation speed (u,,;) also depends on
the orientation of ice crystal surface that contacts water as shown
in Fig. 5a and b. When the secondary plane (P2) of ice crystal is
in contact with liquid water, the water-ice interface propagation is
the fastest in all ranges of AT (Fig. 5a), while the basal plane-
water interface have the slowest propagation speed. The energy
analysis (Fig. 5b) also shows that a larger water-ice interfacial en-
ergy (Y wi) was measured in case of faster propagation speed; P2-
water interface has the largest y,,;, and the basal plane-water in-
terface has the lowest. Since a lower interfacial energy represents
a more stable configuration, which leads to a lower atomic mo-
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Fig. 4. (a) The water-ice interface propagation speed (u,,;) averaged over three crystal orientations with respect to the supercooling temperature (AT;.). The red open circles
and blue open triangles represent the results of ice propagation speed from other MD studies [11, 40], and the green cross rectangles do those from a previous experimental
study [41]. (b) The distributions of the structure order parameters (G4 and gg) of water molecules in the water-side region at three supercooling temperatures, AT, = 65
(blue squares; Ty,s = 200 K), 13 (black circles; 252 K), and 5 K (red triangles; 260 K) after 30 ns of freezing propagation. (c) Self-diffusivity (D) and (d) free energy of
supercooled water and ice (Gwarer and Gje.) wWith respect to the temperature. The results are compared with experimental self-diffusivities [42] and free energy from MD with
the TIP4P water model [43], MD with the SPC/E model [44], and experiments [45].
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Fig. 5. (a) Temperature dependency of propagation speed from different crystal orientations at interface. (b) Speed of water-ice interface propagation (u,,; gray bars) and
interfacial energy (y.;; blue crossed circles) for the three different orientations at 15 K of AT.
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Fig. 6. (a) Schematic illustration of the angle between graphene and basal plane normal vector. (Cyan surfaces and arrows: basal plane and its normal vector, orange arrows:
normal vector of graphene flake surfaces) (b) Change of the alignment of two graphene flakes during the freezing process between t, = 0 and t; = 30 ns. The crystal surface

of the interface is secondary prism plane (P2).

Table 1

Angles between the graphene flakes and the basal plane of ice crystal (6;; and 65,)
at t; = 30 ns for two different distances between the graphene flake and water-ice
interface (dg; = 3 and 14 A).

dgi (A) 01 02
3 2.56 43.11°
14 20.77° 28.60°

bility and slower ice propagation [50], the dependence of freezing
propagation speed on the water-ice interface orientation can be at-
tributed to the interfacial energy.

3.2. Effects of water-graphene interaction

The effects of surface-water interactions on water phase
change process, in addition to pure water properties discussed in
Section 3.1, were examined for the understanding of freeze cast-
ing. In the freezing simulations of water with graphene flakes for
the study of surface interaction effects, all the surfaces of graphene
flakes were initially perpendicular to the basal plane of the ice
crystal, i.e., angle between graphene and basal plane normal vector,
6y is 90°, as in Fig. 6a. However, due to the water-graphene inter-
actions, as ice propagates near graphene surface, all the graphene
flakes rotated about the long axis of the flakes, reducing the an-
gles with the basal plane (6f; and 6, where 1 and 2 are in-
dex of the flake) as in Fig. 6b. The change of the angle between
graphene flakes and the ice crystal basal plane are summarized in
the Table 1. Two cases of the simulations with different distances
between flakes and the water-ice interface (dy; = 3 and 14 A) show
that the larger distance case resulted in the re-arrangement of two

graphene flakes with more similar degrees of the flake-basal plane
angle.

The preferred parallel angle between graphene surface and ice
crystal basal plane was also observed in the simulations with a
large graphene surface. Even with a different initial orientation of
ice seed as described in Fig. 2c, the ice cluster ended up with the
basal plane parallel to the graphene surface as shown in Fig. 7a
and b. Thus, for the first two cases of initial ice cluster orienta-
tions, where a primary or secondary prism plane (P1 and P2) of
ice cluster is parallel to the graphene surface, the ice cluster ro-
tated to have the basal plane facing down.

As Fig. 7c shows, the initial potential energy (Ugay) of the
ice cluster-graphene interfacial region is —1.84 eV when the basal
plane faces the graphene surface, and it is lower than the other
two cases (Ugayg = —0.31 eV for the primary prism plane and
—0.51 eV for the secondary prism plane). During the freezing pro-
cess, the Uggqye from the first two cases (P1 and P2 plane facing
the graphene surface) gradually decreased as the ice cluster rotated
to have the basal plane parallel to the surface. Consequently, the
Ugavg from three different orientation cases converged to a similar
value (~ —2.0 eV at t; = 100 ns). As the lower Ugq, represents
the more stable configuration, the configuration where the basal
plane and graphene are parallel is the most stable. This explains
the alignment of graphene flakes in Fig. 6 and the ice cluster ro-
tation of the P1 and P2 cases in Fig. 7. Moreover, after the align-
ment of the ice cluster for the basal plane parallel to graphene,
the hexagonal structure of water molecules started forming around
the ice cluster, showing ice growth. As discussed above in Fig. 5,
the ice crystal mainly grows in a direction normal to the P2 or P1
plane, i.e., parallel to the basal plane. Therefore, with graphene-
water surface interactions, ice mainly grows in a direction parallel
to graphene surface.
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Fig. 7. (a) Atomic configurations from the bottom view of water freezing simulations with graphene surface (orange) and three different initial orientations of ice cluster
(red) at tp = 0, and t; = 100 ns. First and third row: front view, second and fourth row: bottom view. (b) Schematic illustration describes the viewing direction of the front
and bottom view. (c) Regional potential energy (Urayg) of three cases of different ice cluster orientations.

4. Conclusions

In this research, the fundamental controlling mechanisms of
water-ice interface propagation were investigated through molecu-
lar dynamics. The maximum propagation speed of the water-ice in-
terface appeared at 252 K. The competition between self-diffusivity
and thermodynamic driving force results in an optimal tempera-
ture for maximum ice growth speed. Water-ice interfacial energy
depends on the orientation of water-contacting ice surface, and a
higher interfacial energy leads to a faster ice propagation speed.
Thus, the ice propagation speed depends on water-ice surface ori-
entation. Graphene-water surface interactions align ice clusters or
graphene flakes to have a minimum energy state, in which the
basal plane of the ice crystal is parallel with the graphene sur-
face. As a result, the orientation of ice crystals and the ice growth
speed and direction can be changed by controlling surface inter-
actions. This study provides insights to ice propagation control
mechanisms for effective freeze cast structuring and its broader
applications.
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