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 This article reviews the fundamental interfacial mechanisms underlying electrofreezing (promotion of ice
nucleation via the application of an electric field). Electrofreezing has been an active research topic for many
decades, with applications in food preservation, cryopreservation, cryogenics and ice formation. There
is substantial literature detailing experimental and simulations-based studies, which aim to understand
the complex mechanisms underlying accelerated ice nucleation in the presence of electric fields and electrical
charge. This work provides a critical review of all such studies. It is noted that application-focused studies of
electrofreezing are excluded from this review; such studies have been previously reviewed in literature. This re-
view focuses only on fundamental studies, which analyze the physical mechanisms underlying electrofreezing.
Topics reviewed include experimental studies on electrofreezing (DC and AC electric fields), pyroelectricity-
based control of freezing, molecular dynamics simulations of electrofreezing, and thermodynamics-based expla-
nations of electrofreezing. Overall, it is seen that electrofreezing can enable disruptive advancements in
the control of liquid-to-solid phase change, and that our current understanding of the underlying mechanisms
can be significantly improved through further studies of various interfacial effects coming into play.
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1. Introduction

The transition between water and ice is arguably the most impor-
tant phase change phenomena that influences mankind. Water-ice
transitions influence earth-scale events (precipitation, cloud formation,
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melting of polar icecaps) [1–6], industrial systems and processes (food
preservation, aviation, shipping, infrastructure, energy efficiency etc.)
[7–14] and daily life events (ice buildup, deicing roadways etc.).
There are numerous studies on various aspects of water-ice transitions.
While the thermodynamic freezing point of water is 0 °C, it is less
well known that undisturbed water can exist as a liquid at far lower
temperatures; as low as −48 °C [15], in the absence of ice nucleating
agents or events. In fact, most experimental studies on ice formation
rely on supercooling water (below the freezing point) to initiate ice
formation. Ice nucleation is also facilitated by surfaces (heterogeneous
nucleation [16]) since the energy barrier for ice nucleation is lowered
[17]. Actual physical surfaces are not needed, foreign particles in water
can also act as heterogeneous nucleation sites. In the complete absence
of any nucleation sites, homogeneous nucleation of ice will occur, but at
higher supercooling than heterogeneous nucleation.

Significant research on ice formation is motivated by anti-icing and
de-icing applications. Ice buildup results in issues related to efficiency,
safety and economics in sectors such as infrastructure, energy and
transportation. Active (power consuming) and passive techniques for
preventing ice formation, as well as deicing have received significant
research attention [18–20]. One promising area, which has generated
interest over the past two decades is superhydrophobicity-based
icephobic surfaces [21–25]. Surface engineering and surface chemistry
are powerful tools to prevent ice buildup; however further research is
needed in the areas of scalable manufacturing, durability and perfor-
mance degradation.

In contrast to icephobicity, this manuscript reviews studies on pro-
moting ice nucleation via the use of electric fields. Electrofreezing
has been an active research topic for many decades, with applications
including food preservation, cryopreservation, cryogenics and ice for-
mation. The food industry commonly uses methods like cryogenic
freezing, air blast freezing etc. to accelerate and control freezing.
Product quality depends on the freezing rate, which directly influences
the spatial and temporal dynamics of ice growth. For instance, an un-
regulated intracellular matrix ice growth is undesirable in food and
bioprocessing industries due to resulting damage to the cellular tissue
[7–11]. On the other hand, industries such as freeze-drying and freeze
concentration prefer relatively larger ice crystals in drying-based
lyophilization processes [12,26]. The ability to control the rate of ice
formation and the structure of ice via control of freezing parameters is
critical in such applications.

While current studies on electrofreezing are primarily motivated by
applications related to food preservation, early studies were conducted
with the objective of understanding the role of electrical phenomena on
ice formation in tropospheric clouds. Ice formation in clouds can be
attributed to the presence of aerosol particles which act as heteroge-
neous nucleation sites. Local electric fields, charged aerosol particles or
by-products of atmospheric ionization resulting from thunderstorms
have also been studied for their freezing-inducing tendencies [27–29].
Atmospheric ice formation is the topic of several extensive reviews
[27–35], and is not discussed in this work.

This work reviews the fundamental mechanisms underlying ice nu-
cleationunder the influence of electricfields and electrical charges. Exper-
imental and simulation-based studies from 1861 to date are reviewed.
The mechanisms and theories proposed to explain various aspects of
electrofreezing are summarized and analyzed. The primary objective of
this critical review is to analyze and summarize all such studies and highlight
the similarities and discrepancies between various perspectives. It is noted
that application-relevant studies of electrofreezing which involve protein
crystallization, food preservation, cryofreezing, atmospheric icing and others
are excluded from this review; such studies have been reviewed in recent
literature [36–49]. This review focuses only on studies, which analyze
the physical mechanisms underlying the influence of electric fields and
electrical charge on freezing, without any focus on specific applications.

This article commences with a review of experimental studies on
electric field-based control and enhancement of freezing (Section 2).
Section 3 reviews experimental studies on the role of electrical charges
on freezing. Section 4 reviews theoretical and modeling-based studies
on electrofreezing. Section 4 is divided into two subsections, which
review thermodynamics-based explanations of electrofreezing and
molecular dynamics simulations-based studies on various aspects of
electrofreezing.

2. Role of applied electric fields on electrofreezing

This section reviews experimental studies on the influence of exter-
nally applied electricfields on ice nucleation. The influence of DC andAC
electric fields is separately discussed. It is noted that most experimental
studies follow one of the two experimental procedures below:

1. Supercooling water under the influence of an electric field at a fixed
cooling rate, and measuring the ice nucleation temperature. The
strength of the electrofreezing effect is quantified via the observation
of higher nucleation temperatures.

2. Supercooling water to a predetermined temperature, followed by
turning on the electric field. The measurement of interest is the
induction time (time from the application of the electric field to the
onset of nucleation), with lower induction times indicating more
effective electrofreezing.

2.1. Influence of DC electric fields on electrofreezing-experimental studies

The majority of experimental studies on electrofreezing have uti-
lized DC fields. The first-ever demonstration of electrofreezing was by
Dufour [50] in 1861, wherein electric fields were observed to initiate
freezing in supercooled water droplets. Following this study, there
was a century-long hiatus on experimental studies. Subsequent studies
can be conveniently summarized and analyzed by grouping them into
three time periods as detailed ahead.

2.1.1. 1951–1980
This period includes experimental studies on the role of electrical

phenomena in triggering ice nucleation in cirrus clouds [30]. Some
studies also analyzed ice formation in the vicinity of high voltage
conductors [51]. These studies led to the emergence ofmultiple theories
and mechanisms underlying electrofreezing, many of which were
validated in subsequent experimental studies and molecular dynamics
simulations. Key studies and the proposed mechanisms underlying
electrofreezing are reviewed ahead.

2.1.1.1. Role of surfaces and the three-phase contact line. Schaefer
(in 1953) observed the freezing of supercooled water droplets resting
on a plastic surface subjected to electric discharges from a Tesla
coil [52]. No freezing was noticed when supercooled water droplets
floating in air in a cold chamber were subjected to the same discharge.
This suggested the combined interplay of an electric field and a surface
on electrofreezing.

In early studies, freezing water droplets were exposed to an
electrical discharge since the electric fields exceeded the threshold
for electrical breakdown. In 1963, Pruppacher [53] designed experi-
ments wherein water droplets were subject to electric fields of up to
6 × 106 V/m without the surroundingmedium undergoing breakdown.
Results indicated that electrofreezing was not due to particulate matter
produced in corona discharges, or the polarization of water. Ice nucle-
ationwas always initiated at amoving three-phase contact line on a sur-
face in the presence of an electric field; this was observed for DC and AC
electric fields. It was proposed that the movement of the three-phase
line results in charge transfer from the surface to the bulk of the liquid,
resulting from the movement of the electrical double layer. These in-
coming charges stabilize the accumulating water clusters in the bulk
of the supercooled droplet, thereby producing an ice nucleus which ini-
tiates freezing upon reaching a critical size.
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2.1.1.2. Liquid filament formation-induced nucleation. Loeb [54] proposed
that thewater surface gets drawn out into tinyfilamentswhen the force
resulting from the applied electric field overcomes the surface tension.
This results in the formation of minute crystallites at the tip of these
filaments, which at length scales b1 μm diameter act as nucleating
agents [54,55]. Based on Prupaccher's results [53], Loeb proposed the
following necessary prerequisites for nucleation:

• Liquid surface needs to be drawn out into tiny filaments of a dimen-
sion comparable to the size of a crystallite.

• A solid near the nucleation site is essential to dissipate the latent heat
of crystallization (this explains the non-freezing of droplets when
suspended in a chamber, as reported by Schaefer [52]).

• Space is requirednear the contact line forwater to expandon freezing.

Further studies [56–58] showed that electrofreezing was triggered
by the disruption of the droplet-air interface instead of the movement
of a three-phase line. Such disruptions can be triggered electrically
or mechanically. Electric-field-induced surface disruption led to longer
filaments when compared tomechanical disruption, thereby enhancing
nucleation to a larger extent. This is evident from thework of Abbas and
Latham [56], wherein a greater fraction of droplets froze (Fig. 1) when
disrupted by an electric field, as against mechanical disruption from a
penetrating insulating fiber.

2.1.1.3. Acoustic shock due to cavitation of dissolved gases in water. Smith
et al. [59] studied the freezing of supercooled water droplets (radius:
2 mm) at temperatures ranging from 0 to −12 °C, falling vertically
through electric fields. It was reported that the fraction of frozen drop-
lets increased steadily from 0 at −5 °C to 0.6 at −10 °C only in cases
where the electric field was turned on. Notably, the results are close to
the findings of Abbas and Latham [56] (Fig. 1). No enhancement
in freezing fraction was observed in the absence of an electric field.
Furthermore, the probability of freezing was unaffected by the passage
of a spark through the medium. It was suggested that the collapse of
cavities (due to cavitation of dissolved gases in the liquid) resulting
from vibrations of the droplet surface increases the local pressure of
the surrounding fluid. This elevates the equilibrium freezing tempera-
ture of the surrounding fluid, thereby inducing nucleation at a lower
degree of supercooling.

2.1.1.4. Presence of an adsorbed layer on the solid surface. In 1973,
Pruppacher [60] discussed a newmechanism to explain electrofreezing,
which used the concept of adsorbed layers, proposed by Evans [61].
According to Evans [61], nucleation in the bulk of a liquid proceeds
from a thin layer of interfacial water firmly adsorbed on the surface, as
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Fig. 1. Fraction of water droplets (radius: 1 mm) frozen under different conditions and
temperatures. Electric fields enable more effective freezing as compared to mechanical
disturbances. This plot is based on data reported in Reference 56. The applied electric
field ranged from 0 to 15 × 105 V/m.
against the conventional notion that freezing initiates directly on the
surface. The molecules in a freshly adsorbed water layer can be easily
reoriented and ice nucleation is quicker when compared with a firmly
adsorbed layer. For firmly adsorbed water layers, which are oriented
by the surface, a higher degree of supercooling is required to enable
a 2-D transformation of this layer to a structure similar to that of
ice. However, when this layer freshly wets the surface in a transient
fashion (as in the case of a moving contact line as observed by
Pruppacher [53]), or is loosely bonded to the surface, it is energetically
favorable to bring about the same transformation at lower supercooling
by applying an electric field. This theory of disordered layers has
been investigated via molecular dynamics simulations, which confirm
the presence of such adsorbed layers and their role in ice nucleation
[147,149,162,163].

2.1.1.5. Local dipole field interaction. In 1951, Rau [62] studied
electrofreezing of water droplets on a chromium surface (negative
electrode). Droplets were seen to freeze following an electric spark pro-
duced by a positive point electrode on top of the droplet. Similarly,
freezing was initiated by a spherical electrode covered with a dielectric
without the initiation of a spark at temperatures as high as – 4 °C
for electric fields ranging from 2 to 6 × 105 V/m. It was suggested that
the electric field rearranges water clusters due to polarization, thereby
creating a structure more favorable for ice nucleation.

A similar theory was proposed by Salt [63] to explain the freezing
of supercooled water droplets under an AC field. Pruppacher [53]
refuted this theory based on observations that electric fields as high
as 3 × 106 V/m were insufficient to induce freezing in a water
column. Gabarashvili & Gliki [64] noted that the electric field experi-
enced by a layer of water molecules would be enhanced on the
surfaces of charged particles, due to projections on surfaces. The
resulting polarization of water molecules adjacent to the surface
stabilizes subsequent layers thereby assisting freezing. The electric
field near the surface projections of naphthalene particles charged
to 3000 V was estimated to reach 7.2 × 108 V/m [64]. This theory of
polarization of local water molecules (adjacent to charged surfaces)
has also been studied via experiments and simulations in recent
years.

2.1.1.6. Studies which did not detect electrofreezing. It is noted that not all
early studies on electrofreezing yielded positive results. Dawson and
Cardell [65] (1973) measured the freezing probability of droplets
supercooled to temperatures ranging from−8 to−15 °C, under the in-
fluence of electric fields up to 106 V/m. No electrofreezing was detected
evenunder three favorable circumstances: high electricfields that led to
droplet instability, collision of charged and uncharged droplets in the
electric field, and the presence of corona discharge. Similar results
were reported by Doolittle and Vali [66] (1974) wherein it was ob-
served that electric fields up to 6 × 105 V/m had no intrinsic effect on
the heterogeneous freezing of water droplets containing leaf derived
nuclei and silver iodide based colloids.

2.1.2. 1981–2000
There are relatively fewer experimental studies in the last two

decades of the twentieth century; however, some studies in this period
are the basis for significant later progress. Shichiri and Nagata [67]
studied the influence of electric current and electrode material on
the nucleation of ice crystals. They observed that an electric current
elevated the nucleation temperature. Furthermore, nucleation initiated
at the cathode and anode for electrode materials having low and
high ionization tendencies, respectively. Anothermechanismassociated
with the flow of electric current is bubble generation due to electrolysis
at the electrodes. It was inferred by Sivanesan & Gobinathan [68] that
electrolytic bubble generation and its subsequent collapse, along with
a favorable orientation of the water layer adjacent to the electrodes
could be possible mechanisms underlying electrofreezing. Shichiri &

Image of Fig. 1
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Araki [69] proposed that the attraction of the dipoles (in water) to
surface charge leads to supersaturation of water molecules in a bubble
near the electrode surface. This results in heterogeneous nucleation
of an ice crystal in the vapor phase. This crystal deposits on the elec-
trode surface when the bubble departs and acts as the seed for further
nucleation/growth.

The structural similarity of the substrate with that of ice has been
considered an important criteria for a solid to be a good ice-nucleant
[1]. Gavish et al. [70] studied freezing on hydrophobic surfaces of
polar and nonpolar amino acid crystals with a crystalline structure
different from that of ice. Crystals which exhibited a polar axis demon-
strated freezing temperatures higher by 3–5 °Cwhen compared to their
non-polar counterparts. It was initially hypothesized [70] that concen-
trated electric fields within the cracks in the crystals, with a magnitude
large enough to induce a phase transformation of the interfacial water
molecules were responsible for promoting nucleation. However, it
was later shown through similar experiments that the pyroelectric
charge is responsible for electrofreezing instead of the hypothesis
proposed by Gavish et al. [70]. Pyroelectric effect-based electrofreezing
is discussed in detail in Section 3.2.

Braslavsky and Lipson [71] (1997) reported an electrofreezing tem-
perature of−0.1 °C,which is the highest recorded freezing temperature
under electric fields. This was however accompanied by a very long
crystal propagation time (8 h) and was dependent on the long-term
temperature stability of the surrounding growth medium. The experi-
ment involved locally supercooling part of the liquid with a Peltier
cooling system followed by the passage of high voltage pulses (10 μs
pulse of 10,000 V) through the liquid.
2.1.3. 2001–2017
The period since 2000 has produced several significant studies,

which clearly highlight the varied, multiphysics and complex mecha-
nisms underlying electrofreezing. Key studies and mechanisms discov-
ered during this period are summarized ahead.
2.1.3.1. Influence of electrode material and geometry. Hozumi et al. [72]
and Hozumi et al. [73]. studied the influence of electrode material and
geometry on electrofreezing. Nucleation was observed to initiate from
the anode when the electrode metal had a high ionization tendency. It
was hypothesized that polynuclear coordination compound-based
complexes were being formed; the similarity of the structure of these
complexes to the hexagonal structure of ice was hypothesized as
being responsible for electrofreezing. This study established the fol-
lowing order of metals, arranged in descending order of their ability
to electrofreezewater: Al, Cu N Ag N Au N Pt N C. Similar resultswere ear-
lier reported by Shichiri and Nagata [67] who correlated the propensity
to electrofreeze with the ionization potential. Having explored the
influence of material properties, Hozumi et al. [73] studied the effect
of electrode geometry on electrofreezing, using various combinations
of flat and sharp electrode geometries for the cathode and anode
(Fig. 2). The experimentally determined propensity to electrofreeze, in
Fig. 2. Electrolytic bubble formation at cathode [73] (a)A sharp cathode produces a larger hydro
cathode, on the other hand, produces a large number of smaller bubbles which do not affect rea
with flat cathodes as compared to a sharp cathode. Figs. 2 reprinted with permission from Refe
Copyright: 2005 by Elsevier.
decreasing order, was [73]:

Flata−FlatcNFlata−SharpcNSharpa−FlatcNSharpa−Sharpc

where a & c denote the anode and cathode respectively. The flat geom-
etry configuration of anode houses a higher surface density of ions
due to the presence of numerous micro-convex surfaces, as compared
to a sharp geometry. This results in a larger density of interfacial coordi-
nation compounds, which translates to accelerated electrofreezing.

2.1.3.2. Confinement-induced electrofreezing. Choi et al. [74] observed
electric field-dependent freezing of water confined between two elec-
trodes with molecular-level spacing at room temperature. Fig. 3a
shows a schematic of the experimental setup. The concept underlying
confinement-induced freezing is the reduction in translational entropy
of water molecules confined in gaps (a few molecular layers thick),
which induces solidification. Electric fields enhance this effect by in-
ducing a perturbation in the water network by exerting a torque on
the molecules to restructure them into an ordered hydrogen-bonding
network. It was reported [74] that the critical gap for inducing freezing
was approximately 14 Angstrom, which is the thickness of 3–4molecu-
lar layers of water. The electric field required ranged from (2–8) ×
106 V/m. It is noted that this field is much less thanmolecular dynamics
simulations-based predictions of electric fields required to induce
dipole polarization in water (N109 V/m).

It is noted that very high electric fields (~109 V/m) are challenging
to apply due to limitations in experimental setups and the dielectric
breakdown strength of water, which is (O)107 V/m and (O)108 V/m
for millimeter and micrometer scale volumes of water, respectively
[75,76]. Furthermore, the effective electric field in the inside (bulk) of
a spherical droplet (Ein) is less than the electric field outside the droplet
(Eout), when the droplet is not in direct contact with electrodes. The
relation is [77]:

Ein ¼ 3εout
εwater þ 2εout

� �
Eout ð1Þ

where, εout & εwater denote the dielectric constants of the surrounding
medium and water, respectively. This relation suggests that an applied
electric field of (O)109 V/m would effectively only produce an internal
field of (O)107 V/m, thereby attenuating the applied field by at least
two orders of magnitude inside the droplet.

2.1.3.3. Influence of an electric field on homogeneous nucleation. Stan et al.
[78] quantified the influence of an electric field on homogeneous
nucleation; a schematic of the experimental setup is shown in Fig. 3b.
Discrete water droplets traveled in a flow cell with a transverse electric
field, where they cooled until they froze. Based on the experimental
results, and thermodynamic analysis, it was estimated that the mini-
mum electric field to produce any perceivable change in nucleation is
1.8 × 107 V/m. Furthermore, it was reported that electric fields of
O(108) V/m enhance the nucleation rate due to the formation of ferro-
electric ice (ice XI).
genbubble,which interfereswith coordination compound formation at the anode (b) Aflat
ctions occurring at the anode. This explains the observed higher electrofreezing tendency
rence [73].

Image of Fig. 2


Fig. 3. (a) Schematic of experimental setup to observe confinement-induced freezing under an electric field [74]. Water is present in the gap between the gold tip and the negatively
biased gold (111) surface. A piezo driver of known sensitivity controls gap spacing. The black and white spheres represent hydrogen and oxygen molecules in a bilayer of water
molecules respectively. (b) Schematic of experimental setup to study the role of an electric field on homogeneous nucleation [78]. Droplets travel through a microfluidic channel
cooled to −40 °C under a transverse electric field. Fig. 3(a) reprinted with permission from Reference [74]. Copyright: 2005 American Physical Society. Fig. 3(b) reprinted with
permission from Reference [78]. Copyright: 2011 American Chemical Society.
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2.1.3.4. Electrofreezing in electrowetting on dielectric configurations.
Recent studies have analyzed electrofreezing via experiments using an
experimental configuration typically used for studies on electrowetting.
Electrowetting [79] is a well-known microfluidic technique to change
the wettability of droplets via an applied electric field. This electric
field exists in a dielectric layer beneath a static droplet (Fig. 4b). The
droplet has higher electrical conductivity than the dielectric and can
be considered equipotential. Nakajima et al. [80] (2007) investigated
the effect of 3-phase contact line movement (using electrowetting-
based actuation) on freezing of supercooled water droplets on a
hydrophobic surface. It was observed that contact linemotion enhances
electrofreezing; these results corroborate the observations of Pruppacher
[53], almost five decades ago. Daniel et al. [81] studied the influence of
charge-induced filamentation on freezing of supercooledwater droplets;
this filamentation is the result of a Coulombic instability when the sur-
face charge exceeds the Rayleigh limit. No perceivable influence of
filamentation in inducing freezing was observed.

Yang et al. [82] (2015) studied the dynamics of ice-nucleation in
supercooled water droplets in an electrowetting setup using electric
fields of (O) 106 V/m. High-speed visualization (Fig. 4a) showed that
nucleation initiates at the three-phase line and that this phenomenon
is polarity-independent. Importantly, it was seen that contact line mo-
tion due to the electric field was essential for nucleation. Contact line
motion in the absence of an electric field, as well as the application of
an electricfieldwithout contact linemotion, failed to initiate nucleation.

Carpenter and Bahadur [83] used an electrowetting setup to isolate
the influence of electric field and electric current on electrofreezing
(Fig. 4b). The maximum electric field used in this study was 80
× 106 V/m, which is 13× higher than the previously highest field
(6 × 106 V/m) utilized. Electric field (in the absence of current flow)
elevated freezing temperatures by N15 °C, with the polarity-
independent electrofreezing effect saturating at high electric fields
(N20 × 106V/m). Additionally, by intentionally introducing pinholes
in the electrowetting dielectric layer, passages for current flow were
established and electrofreezing experiments were conducted in the
presence of electric current. Current flow enhanced the electrofreezing
effect, over that obtained by electric field alone (Fig. 4b). Similar results
were also obtained by Shichiri and Nagata [67].

2.1.3.5. Electrofreezing of hydrates. Carpenter and Bahadur [84] and
Shahriari et al. [85] showed that electrofreezing can significantly accel-
erate the nucleation of clathrate hydrates. Clathrate hydrates arewater-
based crystalline solids consisting of a guestmolecule (methane, carbon
dioxide, tetrahydrofuran, cyclopentane etc.) in a lattice of water mole-
cules, and typically form at temperatures around 0 °C. A significant
challenge underlying the synthesis of hydrates is the long induction
(wait) time before hydrates form. This can range from hours to days
and is a big hindrance to the realization of applications which require
synthesis of hydrates. It was shown (Fig. 5a) that electric fields reduce
the induction time for tetrahydrofuran hydrate formation by N100×.
The use of aluminum-foam based electrode as the anode resulted in a
150× reduction in induction time as compared to baremetal electrodes;
nucleation was observed in 10's of seconds (almost instantaneous
nucleation). Electrofreezing was observed to strongly depend on
electrode polarity [85]. Two distinct mechanisms (electrolytic bubble
generation at cathode & formation of aluminum-based coordination
compound complexes at anode) were experimentally uncovered
(Fig. 5b), which explains polarity-dependent electrofreezing with elec-
trode materials having high ionization tendencies.

2.1.3.6. How strong is the electrofreezing effect?. Table 1 summarizes
experimental measurements of the nucleation temperature and the

Image of Fig. 3


Fig. 4. Electrowetting-based experimental setups used for studies on electrofreezing (a) Top view of nucleation and phase front propagation inside a droplet [82]. Electrofreezing
commences at the three-phase line, with multiple nucleation points at higher voltages. (b) Experiments to isolate the influence of electric field and current flow on electrofreezing
[83]. Results indicate that both phenomena influence electrofreezing. Fig. 4(a) reprinted with permission from Reference [82]. Copyright: 2015 AIP Publishing LLC. Fig. 4(b) reprinted
with permission from Reference [83]. Copyright: 2015 American Chemical Society.
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phase transformation time (time required to convert the entire mass of
water to ice) from various experimental studies. It is seen that while the
experiments differ in methodology, volume of water used and the
method of applying the electric field, most studies show an increase in
Fig. 5. (a) Voltage-dependent induction times for nucleation of tetrahydrofuran hydrates wit
the induction time and standard deviation, respectively. Electrofreezing clearly accelerates hyd
aluminum foam [85]. (b) Two polarity-dependent mechanisms underlying electrofreezing we
two images of 5b); bubbles provide the activation energy to initiate nucleation. Aluminum
compounds,which assist nucleation (these are detected via a colorimetric reaction, as seen in the
Copyright: 2017 American Chemical Society.
the nucleation temperature (reduced supercooling requirement)
when compared to the no electric field case.

The influence of an electric field on the freezing temperature can be
quantified by two metrics: the nucleation temperature, and the
h aluminum foam as the electrofreezing electrode. The numbers in parenthesis indicate
rate nucleation, with the electrofreezing effect strongly dependent on the polarity of the
re uncovered. Aluminum foam as the cathode leads to electrolytic bubble generation (left

foam, when used as anode leads to the formation of aluminum-based coordination
two right images of 5b) [85]. Figs. 5 (a) & (b) reprintedwith permission fromReference [85].
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Table 1
Summary of experimental studies on electrofreezing.

Reference and year Electrode material/configuration Volume Electric field
(×105 V/m)

Mean temperature
of nucleation (°C)

Mean phase
transformation
time (s)

Significant findings

Doolittle and Vali (1975)
[88]

Wire grid based top electrode.
Silicone varnished bottom electrode.

10 μl water droplets containing
organic nuclei or AgI colloids

6 – – Electric fields up to 6 × 105 V/m do not
affect heterogeneous nucleation.

Sivanesan and Gobinathan
(1991) [68]

Copper electrodes immersed in a
tube containing liquid

50 ml 0.1 −4 °C (pure water)
−1.0 °C (50:50 AgI:
CuBr mole %)
−1.1 °C (90:10
AgI:CuBr mole %)

– Electric fields of magnitude (O)
104 V/m reduce supercooling
requirement in presence of AgI-CuBr
nucleants

Wei et al. (2008) [86] Parallel plate copper electrode
(spacing 20 mm);
liquid not in contact with electrodes

1 ml (water) No field −7.27 ± 0.56 714 ± 64 Phase transformation time is inversely
proportional to nucleation
temperature.

0.01 −7.31 ± 0.44 720 ± 61
0.05 −7.15 ± 0.63 718 ± 56
0.5 −6.32 ± 0.37 803 ± 17
1 −5.68 ± 0.36 829 ± 36

Orlowska et al. (2009)
[87]

Parallel plate aluminum electrodes
(spacing 2.2 mm);
liquid not in contact with electrodes

1.6 ml (water) No field −12.28 ± 2.19 303 ± 43
10 −9.16 ± 0.72 350 ± 17
25 −7.36 ± 1.113 371 ± 21
50 −6.64 ± 0.95 403 ± 32
60 −5.90 ± 1.39 393 ± 24

Yahong et al. (2010) [89] Gold plated copper electrodes 0.5 ml of 0.9 wt% NaCl solution 0 −5.9 – Supercooling temperature reduces
with electric field0.005 −6.9

0.01 −7.4
Jankowski and McCluskey
(2010) [90]

Cylindrical silver wires used.
Separation between pointed tips:
350 μm

5 g of melted erythritol – 108–112
(6–10° supercooling
with electric field)

– Electric current reduces required
supercooling magnitude range from
9‐51 °C to 6–10 °C

Stan et al. (2010) [78] Top electrode: Indium-tin oxide
covered with a dielectric spacer
Bottom electrode: platinum covered
with dielectric spacer

Water droplets (diameter
100 μm)

1.6 ± 0.4 (AC) – – AC electric fields up to
(1.6 ± 0.4) × 105 modified
homogeneous nucleation rate by
b1.5×

Yang et al. (2015) [82] Bottom substrate covered by a
dielectric layer, with wire at top

20 μl (water) 27 −23.7 ± 0.7 – Electric fields b5 V/μm have small
influence on nucleation.36 −23.3 ± 2.4

45 −23.2 ± 1.6
Carpenter and Bahadur
(2015) [83]

Droplet resting on dielectric layer.
Thin wire biases droplet.

5 μl (water) No field −30 – • Electric fields enable electrofreezing
in absence of current flow.

• Current flow enhances
electrofreezing effect.

100 −20
200 −19
400 −18
800 −17

Droplet resting on dielectric layer
(with pinholes to allow current flow).
Thin wire biases droplet.

No field −32
100 −23
300 −20
500 −17
700 −16

Zhang et al. (2016) [91] Outer electrode: cylindrical shell
Inner electrode: cylinder with upper surface covered
with stearic acid (SA) or
polyethylene (PE)

Water droplets
(0.5 μl)

0 −17.75 (SA) – • Minimum electric field to promote
nucleation is 105 V/m.

• Increased nucleation rate ascribed to
electrical double layer at water–
dielectric interface.

• Droplet deformation has no effect on
nucleation promotion

4.3 ± 0.1 −16.65 (SA)
0 −18.75 (PE)
4.3 ± 0.1 −18.15 (PE)

−18.05 (PE)
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reduction in the supercooling requirements as compared to the no elec-
tric field case. Fig. 6 compiles the results of seven similar studies and
shows that the required supercooling decreases with increasing electric
fields. The highest electrofreezing temperaturewas recorded as−0.1 °C
by Braslavsky and Lipson [71]. Themaximum reduction in supercooling
under the influence of an electric field was 16 °C for an electric field of
80 × 106 V/m by Carpenter and Bahadur [83]. It is important to note
that supercooling has been necessary in all studies other than the
work of Choi et al. [74], wherein electric fields were observed to initiate
freezing in water layers under confinement at room temperature.

Electrofreezing also affects thephase transformation time,whichde-
pends on the available paths to remove the heat generated during ice
nucleation. As observed by multiple researchers, the onset of ice nucle-
ation is accompanied by a sharp temperature rise to 0 °C (recalescence
or Stage I freezing) as the liquid mass rearranges itself to ‘freeze’. The
rate of propagation of the freeze front depends on heat transfer path-
ways. The results of Wei et al. [86] and Orlowska et al. [87] in Table 1
show that the phase transformation time increases with the electric
field. This is because of electrofreezing-induced higher nucleation
temperatures, which lead to a smaller temperature difference from
the freezing temperature of 0 °C. Since this temperature difference
drives heat transfer, electrofreezing increases the phase transformation
time, as compared to the no electric field case. Wei et al. [86] observed
that the continued application of an electric field post-nucleation had
no effect on the phase transformation time.

In contrast to most of the studies discussed, Wilson et al. [92] sug-
gested that the increase in the freezing temperature due to an electric
field can be attributed simply to the stochastic nature of nucleation
and that previous studies did not uncover this due to a limited number
of experimental runs. To demonstrate this claim, Wilson et al. con-
ducted 300 nucleation experiments (first 170 experiments conducted
in the presence of an electric field and the remaining 130 experiments
with the electric field turned off); it was reported that the average nu-
cleation temperature remained unchanged after the 170th experiment.
However, most studies contradict these observations and report a sta-
tistically significant influence of an electric field on nucleation.

It is important to note that several mechanisms underlying
electrofreezing were proposed during the period 1951–1980. Although
some mechanisms were experimentally validated, there remain unre-
solved questions on the relative importance of these mechanisms.
Post 1980, most experimental studies have focused on quantifying
the benefits/impact of electrofreezing, and not on the underlying
mechanisms. This is one reason why the studies pre-and post-1980
can seem disconnected. Overall, well-planned experimental studies
are needed to clearly quantify the relative influence of various contrib-
uting mechanisms.
Fig. 6. Compilation of experimental results [86,87,82,83,68,102,91] on the influence of an
electric field on the freezing of supercooled water. Discrepancies in the magnitude of the
electric field required to induce freezing are attributed to variations in the experimental
setup and procedures across these studies.
We end this section by discussing the relevance of the above-
described studies. Parameters like the nucleation temperature, cooling
rate and phase transformation time determine the crystal growth and
the resulting structure of ice. Such parameters influence processes in
the food preservation and cryopreservation industries. As an illustra-
tion, a slower cooling rate or a lower degree of supercooling results
in large ice crystals [93–95] which can cause cryoinjury to food tissues
during intracellular freezing. However, larger crystals will result in
larger pore spaces which will favorably reduce the resistance to solid-
vapor propagation front during lyophilization [26]. On the other hand,
a faster cooling rate, the application of AC electric fields or the use of
pressure shift freezing results in higher supercooling requirements
[40]. This leads to smaller grain sizeswith a larger number of ice crystals
[36,96–98], which is preferred for meat preservation. Also, the overall
freezing time decreases with increased supercooling. These aspects
of freezing have been researched in studies which exclusively focus
on the role of electric fields on ice crystal growth. Such studies have
been reviewed [36–49] for their applications in freeze drying, protein
crystallization and cryopreservation. Since the scope of the present re-
view is limited to studies on the fundamental mechanisms underlying
electrofreezing, such studies are not reviewed presently.

2.2. Influence of AC electric fields on electrofreezing-experimental studies

There are fewer studies on electrofreezing using AC electric fields.
Salt [63] (1961) conducted the first such experiments with 60 Hz AC
fields. Application of 1.5 × 106 V/m electric fields elevated the nucle-
ation temperature of water from –10 °C to –2 °C. More recent studies
suggest that the use of AC electric fields can retard nucleation and
increase the required supercooling. This was discussed in a patent on
a non-freezing refrigerator filed by Kim [99]. Vibrations in the dipoles
of water molecules, induced by AC electric fields can retract molecules
from their equilibrium position as against DC electric fields which
tend to structurally align themolecular network via dipole-field interac-
tion. This suggests that AC fields will suppress cooling or effectively in-
crease the supercooling requirement for nucleation.

This increase in the supercooling requirement and the slowdown in
ice formation kinetics due to AC electric fields have been confirmed
in more experimental studies [36]. Shichiri and Araki [69] reported
that the AC electric fields had minimal or no effect on the nucleation
temperature. Stan et al. [78] observed that AC electric fields of up to
1.6 × 105 V/m and frequencies from 3 to 100 kHz affected the homoge-
neous nucleation rate of supercooled water droplets by less than a fac-
tor of 1.5. Sun et al. [100] showed that the influence of an AC field on ice
formation is strongly dependent on the AC frequency. It was observed
that ice crystal size and freezing time of a 0.9% K2MnO4 solution exhib-
ited an inverse dependence on the AC frequency, with a minimum at
50 kHz followed by an increasing trend. Wei et al. [101] observed
that a 500 kHz frequency maximized the fraction of salty ice and sup-
pressed the formation of pure ice while freezing a 0.9% NaCl solution.
A micro electrofreezing chip was designed by Ma et al. [102] to obtain
the optimal parameters for electrofreezing under an AC field. Ma et al.
[103] further studied the effect of AC electric fields (up to 1 × 105 V/m)
with frequencies ranging from 105 to 107 Hz, on the freezing of a
0.9 wt% NaCl aqueous solution. It was observed that the grain size
and the crystallization fraction of the resulting ice grains decrease
with increasing electric field. However, these parameters show a dif-
ferent trend when the AC frequency is varied, with the existence of
a minima (Fig. 7).

3. Influence of electrical charge on freezing

While the previous section analyzed the influence of applied electric
fields on ice nucleation, there is a separate (and smaller) set of studies
on the role of electrical charge on freezing (without any externally
applied field). It is noted that applied fields, in turn, induce interfacial

Image of Fig. 6


Fig. 7. (a) Schematic of the experimental study ofMa et al. [103] (b), (c) & (d) are optical images of ice formed from a freezing NaCl solution. (c) A fast cooling rate (−80 °C/min) results in
the formation of fine crystals (average size ~40 μm) and a higher crystallization fraction when compared to (b) ice formation under slower cooling (−2 °C/min) of the solution (average
size of crystal ~110 μm). (d) An AC electric field (1 × 105 V/m, frequency= 106 Hz) produces even finer grains (average size ~35 μm). (e) Grain size vs frequency of AC field for different
amplitudes. Fig. 7 reprinted with permission from Reference [103]. Copyright: 2013 AIP Publishing LLC.
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charges. This section primarily focuses on studies where there is no ex-
ternally applied electric field. Under such conditions, ice nucleation is
influenced by free charge within the liquid or interfacial charges at a
solid-liquid interface.

3.1. Influence of free charge in a liquid on freezing

Gabarashvili and Gliki [64] reported that supercooled water drop-
lets containing charged impurities froze at higher temperatures for
negatively charged droplets when compared to positive or no charge
droplets. Hozumi et al. [72] proposed the formation of coordination
compounds forming at the electrode as precursors for nucleation.
Kramer et al. [104] measured the homogeneous nucleation rate for
water droplets levitated in an electrodynamic Paul-trap and carrying
varying amounts of charge. It was inferred that the homogeneous nu-
cleation rate was unaffected by surface charge. Daniel et al. [81] carried
out similar experiments in an electrodynamic balance and concluded
that charges in the range ± 4.2 × 10−12 C exert no influence on the
freezing of supercooled water droplets. Furthermore, it was inferred
that filamentation, induced on water droplets due to Coulomb instabil-
ities occurring at Rayleigh limit failed to initiate nucleation.

3.2. Influence of surface charge on freezing

Pruppacher, in 1973 observed that supercooled droplets in contact
with negatively charged sulphur particles froze at higher temperatures,
and attributed this to the electric field in the vicinity of charged surfaces
[60]. Subsequently, amajority of research in this area has involvedmea-
surements of surface charge-induced freezing on pyroelectric crystals.
Pyroelectric materials generate electricity (flow of charge) when sub-
ject to an external temperature gradient. The underlying hypothesis
[105–106] is that surface charges on pyroelectric crystals interact with
interfacial water to create a structure conducive to the formation of
ice. A pyroelectric crystal, when exposed to a temperature gradient of
ΔT undergoes bulk polarization to induce an electric field (E) as [106]:

E ¼ q
εmεo

¼ αΔT
εmεo

ð2Þ

where, q is the surface charge per unit area, α is the pyroelectric coeffi-
cient, and εm & εo are the permittivities of the surroundingmedium and
vacuum respectively.
Furthermore, positively and negatively charged surfaces affect
freezing differently [70,105,106]. This suggests that mechanisms other
than the existence of an electric field are at play. Ehre et al. [105] studied
freezing of supercooledwater on charged surfaces of pyroelectric LiTaO3

crystals and SrTiO3 thin films. It was observed that positively and nega-
tively charged surfaces facilitated and delayed freezing, respectively.
The differences were attributed to the structural networks resulting
from the different orientations of water molecules, with the oxygen
and hydrogen molecules pointing towards the positively (oxygen-
down) and negatively (oxygen-up) charged surfaces [105–107]. These
differences were explained via a molecular dynamics simulation,
whereby the stacking of water layers (characteristic of the phase transi-
tion) wasmore pronounced for a positively charged surface than a neg-
atively charged one [148].

Similar conclusions were reported by Belitsky et al. [106], wherein
surface charge induced via the pyroelectric effect was shown to play a
key role in inducing heterogeneous freezing. The proposed mechanism
was a stabilization of a polar proton-ordered ice arrangement, due to
the interaction of the positively charged surface with nearby polar
water molecules. A similar mechanism was reported by Emmanuel
[108,109], wherein sum frequency generation (SFG) spectroscopymea-
surements were employed to infer that ice crystals exhibit a proton-
disordered arrangement next to a negatively charged surface, while
the opposite is true for a positively charged surface (Fig. 8). Overall, it
is evident that altering the structure and orientation of water molecules
close to the surface by manipulation of surface charge or local electric
fields profoundly influences freezing. Furthermore, freezing is enhanced
for structural configurations in which the oxygen atoms in the water
molecules are pointed towards the charged surface.

Table 2 summarizes the results of two key and detailed studies
on this subject. Both studies conclusively show that surface charge influ-
ences the freezing temperature significantly. Furthermore, positively and
negatively charged surfaces enhance and suppress freezing, respectively.

In a related study, Yang et al. [110] investigated the influence of sur-
faces modified with super charged unfolded polypeptides (SUPs)
(resulting in charged surfaces) on ice nucleation. It was observed
that surfaces modified with positively and negatively charged SUPs fa-
cilitated and suppressed ice nucleation respectively. This was attributed
to the asymmetric polarization of water next to the charged surfaces,
resulting in the formation of different structures of the interfacial
water layer. Zhiyuan et al. [111] studied the influence of different ions
on polyelectrolyte brush surfaces and reported that the effectiveness

Image of Fig. 7


Fig. 8. Sum frequency generation (SFG) spectra of water on sapphire andmica substrates [109], illustrating the role of surface charge on freezing. The signal intensity of ice is greater than
water for the positively charged sapphire surface. The reverse is true for a negatively charged mica surface. Figure reprinted with permission from Reference [109]. Copyright: 2016
American Chemical Society.
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of ions in inducing nucleation closely followed the Hoffmeister series,
which is a measure of the ability of ions to salt out proteins from a solu-
tion. This effect is, however, more pronounced for anions than cations.
Accordingly, the nucleation temperature for various anions and cations
exhibited the following order [111]:

SO4
2−bF−b Ac−bHPO4

2−b Cl−b Br−b SCN−bNO3
−b I−

Ca2þbMg2þbGdmþ
b KþbNaþb Csþb TMAþb LiþbNH4

þ

While the above studies conclude that positively and negatively
charged surfaces enhance and suppress nucleation, respectively,
Abdelmonem et al. [112] demonstrated via vibrational sum frequency
generation (SFG) spectroscopy that the presence of any charged surface
would suppress ice nucleation, irrespective of the polarity.

4. Analysis and simulations of electrofreezing

This section reviews current understanding of the various
multiphysics phenomena underlying electrofreezing. This section
is subdivided into two parts. The first part discusses the thermody-
namic underpinnings of electrofreezing. The second part reviews
molecular dynamics simulations-based studies of various aspects of
electrofreezing.
Table 2
Summary of experimental studies on pyroelectricity-induced freezing.

Reference and year Surface

Belitzky et al. [106] w/ surface charge D,L-alanine
L-aspartic acid
L-asparagine monohydrate + 9 w
%/wt L-aspartic acid
L-asparagine monohydrate

w/o surface charge D,L-alanine
L-aspartic acid
L-asparagine monohydrate + 9 w
%/wt L-aspartic acid
L-asparagine monohydrate

Ehre et al. [105] w/ surface charge (positive) LiTaO3

SrTiO3

w/ surface charge (negative) LiTaO3

SrTiO3

w/o surface charge LiTaO3

SrTiO3
4.1. Thermodynamic view of electrofreezing

As per classical thermodynamics, the probability that a system will
undergo nucleation is dictated by the Gibbs free energy change (ΔG) of
the system. Formation of a seed nuclei requires a negative change in the
Gibbs free energy for the system undergoing a phase change (ΔG b 0).
The net Gibbs free energy associated with nucleation typically has two
components. The surface free energy (ΔGs) is required to create a new
solid-liquid interface of the nuclei. The second component is volumetric
(ΔGV) and is the free energy difference between the solid and liquid
phases. Assuming a spherical shape for the solid cluster forming the ice
nucleus, the volumetric free energy difference between the phases is:

ΔGV ¼ 4πr3

3
ΔGv ð3Þ

where, r is the radius of the spherical nuclei and ΔGv is the free energy of
transformation per unit volume. The term corresponding to the volumet-
ric free energy difference (ΔGV) is always negative and favors transforma-
tion; however, this is countered by the energy (ΔGs) required to form a
solid-liquid interface which is always positive.

ΔGS ¼ 4πr2σ ð4Þ

where σ is the surface energy per unit area of the liquid-vapor interface.
In the presence of an electric field, an additional term, ΔGE, which is
Nucleation temperature (°C) Significant findings

−2.5 ± 1.0 Surface charge elevates freezing temperature
−5.0 ± 1.0

t −4.5 ± 1.0

−8.0 ± 1.0
−5.5 ± 1.0
−9.0 ± 2.0

t −8.5 ± 1.0

−8.0 ± 1.0
−7 ± 1.0 Positively and negatively charged surfaces

enhance and suppress nucleation, respectively.−4 ± 1.0
−18 ± 1.0
−19 ± 3.0
−12.5 ± 3.0
−12 ± 4.0
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Table 3
Summary of melting properties of Ice Ih for different water models at 298 K and 1 bar. Note that the 3RT term for the melting enthalpy, arising from translational and rotational kinetics
terms is not included. Data is extracted from References [118–140].

SPC SPC/E TIP3P TIP4P TIP4P/Ew TIP4P/2005 TIP4P/Ice TIP5P Experiments

Melting temperature (Tm) (K) 190 215 146 232 245.5 252.1 272.2 273.9 273.15
Density of liquid water (ρl) (g/cm3) 0.991 1.011 1.017 1.002 0.992 0.993 0.985 0.987 0.999
Density of ice (ρIh) (g/cm3) 0.934 0.95 0.947 0.94 0.936 0.921 0.906 0.967 0.917
Enthalpy of liquid (Hl) (kcal/mol) −11.64 −12.49 −11.69 −10.98 −12.02 −12.17 −13.31 −10.33 –
Enthalpy of ice (HIh) (kcal/mol) −12.22 −13.23 −11.99 −12.03 −13.07 −13.33 −14.6 −12.08 –
Melting enthalpy ΔHm (kcal/mol) 0.62 0.74 0.3 1.05 1.05 1.16 1.29 1.75 1.44
Slope of the coexistence curve (dp/dT) (bar/K) −115 −126 −66 −160 −164 −135 −120 −708 −137
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the free energy change due to the electric field is added to the analysis
[78,83]. ΔGE can be expressed as [78,113]:

ΔGE ¼ −
1
2
εoεwater 1−

εice
εwater

� �
2þ εice

εwater

� �
VEin

2 ð5Þ

where, εo is the permittivity of vacuum, V is the volume of the critical nu-
cleus, εice and εwater are the dielectric constants of ice and water respec-
tively, and Ein is the internal electric field in water. The net free energy
change accompanying ice nucleation in the presence of an electric field
is thus:

ΔG ¼ 4πr3

3
ΔGv þ 4πr2σ−

1
2
εoεwater 1−

εice
εwater

� �
2þ εice

εwater

� �
VEin

2 ð6Þ

An electric field thusmanifests itself as a negative contribution to the
overall Gibbs free energy. This provides a thermodynamic basis for
nucleation promotion by an electric field. The Gibbs free energy can be
related to the homogeneous nucleation rate, which can be experimen-
tally measured.

According to classical nucleation theory [114–117], freezing follows
the generation of solid nuclei in the liquid phase. Only nuclei above
a critical size grow and induce crystallization in the liquid phase.
Nucleation rate is the probability that such a critical nucleus will
be formed per unit volume per unit time. The nucleation rate under
homogeneous nucleation follows Poisson statistics and is expressed as
[104,118]:

dNu

dt
¼ − J tð Þ:Vd tð Þ:Nu tð Þ ð7Þ

where, Nu is the number of unfrozen droplets at time t, J is the homoge-
neous nucleation rate, which depends on the temperature and electric
field and Vd is droplet volume. Integrating this equation leads to:

ln
Nu tð Þ
N0

� �
¼ − J Tð Þ:Vd:t ð8Þ

where, No is the sample size of the droplets investigated. Kashchiev
[113] proposed an expression for the electric field-dependent
Table 4
Summary of watermonomer geometry and parameters for potential functions of different wate
situated at a distance dOM from the oxygen atomalong theH-O-Hbisector line. In the case of TIP
is extracted from References [118–140].

Distance between Oxygen and Hydrogen sites (dOH) (Å)
H\\O\\H bond angle
LJ parameter σ (Å)
LJ parameter ε/kB (K)
Charge on proton qH (e)
Distance of negative charge from O along H-O-H bisector (dOM) (Å)
Distance between the oxygen and the L sites placed at the lone electron pairs (dOL) (Å)
nucleation rate as:

JN ¼ JN
0 exp

ΔGE

kBT

� �
ð9Þ

where, JN
0 is the nucleation rate in the absence of electric field, kB is the

Boltzmann constant and T is the temperature. The nucleation rate is re-
lated to the ratio of the number of unfrozen droplets to the total number
of droplets as per Eq. (8) and is a measurable quantity which can be
linked to the thermodynamic variables via Eq. (9). Similar analysis has
been used to model the influence of the electric field and charge on
the nucleation kinetics of supercooled water [104]. It should be noted
that Eq. (8) and the resulting correlations are strictly valid only for ho-
mogeneous nucleation; analogous formulations need to be developed
for heterogeneous nucleation.

4.2. Molecular Dynamics Simulations (MDS)

Molecular dynamics simulations (MDS) of various phenomena un-
derlying electrofreezing has been an active research topic for the past
two decades. A key theme analyzed in many studies is the role of
an electric field in inducing spatial anisotropy and lowering the self-
diffusion activity of water molecules, thereby leading to a more ordered
ice-like structure. The hydrogen bonding network in water also deter-
mines the freezing behavior, since the movement of water molecules
is constrained by this network. The formation of a critical nucleus there-
fore strongly depends on the growth and collapse of the structural
patterns of this network. Polarization induced by an electric field
reduces the number of possible hydrogen-bonded structures feasible
in liquid water, thereby inducing spatial anisotropy. However, a very
high magnitude electric field O(1010) V/m would be required to induce
an appreciable structural change in the cluster network. Such high elec-
tric fields cannot be externally applied in conventional experimental
setups due to constraints such as the dielectric breakdown strength of
liquid water. The upper limit on externally applied electric fields in ex-
periments is only O(106) V/m.

MDS are thus indispensable to understanding the structural be-
havior of thewater network under the influence of highmagnitude elec-
tric fields acting for very short time durations (order of picoseconds).
Electric fields as high as 4 V/Å have been simulated in MDS studies
which are at least three orders of magnitude higher than the electric
rmodels. It is noted that all models except for TIP5P place the negative charge at a pointM,
5P, dOL is the distance between oxygen and the L sites placed at the lone electron pairs. Data

SPC SPC/E TIP3P TIP4P TIP4P/Ew TIP4P/2005 TIP4P/Ice TIP5P

1 1 0.9572 0.9572 0.9572 0.9572 0.9572 0.9572
109.47 109.47 104.52 104.52 104.52 104.52 104.52 104.52
3.1656 3.1656 3.1506 3.154 3.1643 3.1589 3.1668 3.12
78.2 78.2 76.54 78.02 81.9 93.2 106.1 80.51
0.41 0.423 0.417 0.52 0.524 0.5564 0.5897 0.241
0 0 0 0.15 0.125 0.1546 0.1577 –
– – – – – – – 0.7



Table 5
Summary of molecular dynamics simulations of electrofreezing.

Reference and year Focus of study Methodology Key results

Svishchev and Kusalik
(1994) [138]

Influence of electric field on
crystallization of water

• N = 256 (TIP4P)
• T = 250 K
• E = 0.1–0.5 V/Å

• Structural transition to cubic ice observed for
electric fields between 0.1 and 0.5 V/Å

Xia and Berkowitz
(1995) [147]

Effect of surface charge on structure of
water between two Pt (100) surfaces

• N = 512 (SPC/E)
• T = 300 K
• Parallelepiped unit cell with square base
(L = 19.6 Å)

• Surface charge densities (σ) =0, 8.85,
26.55 & 35.4 × 1010C/m2 corresponding to
E = 0, 1, 3, 4 V/Å, respectively

• Increased surface charge results in stacking of
water layers

• Crystallization of water lamina with intermediate
domains of cubic ice observed at σ = 35.4
× 1010C/m2

Svishchev and Kusalik
(1996) [139]

Effect of temperature, density & pressure
on electrofreezing

• N = 64 & 256 (SPC/E & TIP4P)
• T = 250 K

• TIP4P molecules in density range of 0.90–0.92
and 0.96–0.98 gcm−3 transformed into low and
high density amorphous ice, respectively

• Threshold density for transformation of TIP4P
molecules into cubic ice is between 0.94 and
0.96 gcm−3

Xia et al. (1995) [148] Influence of electric field on the structure
of water confined between 2 platinum
surfaces

• 3 pairs of simulations with N = 512 &
1298 for Pt(100) & Pt(111) surfaces

• T = 300 K
• E = 0,1 and 2 V/Å
• Unit cell for Pt (100) surface: parallelepiped
with square base (L = 19.6 Å)

• Unit cell for Pt (111) surface: parallelepiped
with hexagon base
(L = 2.24 nm)

• Water molecules adsorbed next to surface
(~1 nm) display solid state-like characteristics

• Molecules undergo structural transition to
cubic ice under electric fields. Threshold field
is 1–2 V/Å.

• Dipolar saturation value of 80% at 1 V/Å increases
to 100% at 2 V/Å indicating that cubic ice is
formed at higher fields.

Borzsák, and
Cummings (1997,
1998) [143,144]

Effect of oscillatory shear and electric
field on crystallization of supercooled
water

• N = 256 (TIP4P, SPC/E)
• T = 230 K
• ρ = 1.17 g/cm3

• E = 0.1–1 V/Å

• Order of magnitude reduction in crystallization
time at Ethreshold = 0.4–0.5 V/Å

• Effect of shear is more significant and crystallization
is faster for SPC/E compared to TIP4P model.

Yeh and Berkowitz
(1998) [163]

Influence of charged and uncharged Pt
surfaces on dynamical properties of
interfacial water

• N = 512
• T = 300 K
• E = 1–3 V/Å corresponding to surface
charge values of 8.85 and 26.65 μC/cm2

respectively.

• Adsorbed water layer displays short-living
hexagonal ice-like, and square lattice solid-like
structural characteristics, next to uncharged
Pt(111) and Pt(100) surfaces, respectively.

• Electric field leads to reorientation and layering
transition.

Jung et al. (1999)
[145]

Effect of electric field on structural
characteristics of liquid water

• N = 1000,256,125 (TIP4P);
• T = 363, 243-323 K

• Number of 6 membered ring structures increases
to 70–80% at ρ = 0.95 & 1 gcm−3 for E = 0.5 V/Å

• Threshold value of electric field to induce
structural change is 0.15–0.2 V/Å

Sutmann (1998)
[164]

Effect of electric field on structure and
dynamics of water

• N = 200 (BJH)
• Simulation box: Cube of side 18.16
Å corresponding to ρ = 0.999 g/cm3

Transition to ice-like structure observed at room
temperature for electric field of 4 V/Å

Vegiri and
Schevkunov (2001)
[166]

Effect of electric field on dynamics of a
cluster of water molecules

• N = 32 (TIP4P)
• T = 200 K
• E = 0.5–1 V/Å

• Structural transition related to partial ordering
into cubic forms observed at E = 0.15 V/Å.

• For E N 0.3 V/Å, proton disordered cubic forms
appear and progressively become proton ordered
at E = 1 V/Å

Alice Vegiri (2002)
[167]

Effect of electric field on single particle
translational dynamics and structural
transformation of water clusters parallel
to field direction

• N = 32 (TIP4P)
• T = 200 K
• E = 0-0.7 V/Å

• Two critical electric fields corresponding to
dipole polarization (1.5 × 109 V/m) and crystal
state transition (5 × 109 V/m) identified

Zangi and Mark
(2004) [157]

Effect of lateral electric field on confined
water

• N = 1200 (TIP5P)
• E = 0.5 V/Å

• Two different ice phases observed at T = 280 K
for a confinement thickness corresponding to a
trilayer: i) low density cubic ice consisting of
hexagonal rings parallel to the wall, and ii) high
density ice exhibiting an in-plane rhombic
symmetry of O atoms.

Alice Vegiri (2004)
[168]

Effect of electric field on structure and
behavior of supercooled water

• N = 108 (TIP4P)
• T = 250 K.
• E = 0–0.15 V/Å

• Transition field strength corresponding to
structural change is 109 V/m for liquid and
1.5 × 109 V/m for clusters

• Electric fields b1.5 × 109 V/m can enhance
liquid character of clusters; however no such
enhancement observed for bulk liquid.

Yan and Patey (2011)
[149]

Effect of local electric field on
heterogeneous nucleation of supercooled
water

• N = 432 (Lx = Ly = 19.6 Å, Lz = 40 Å),
• N = 1200 (Lx = Ly = 32.68 Å, Lz = 40 Å)
• N = 1800 (Lx = Ly = 31.9 Å, Lz = 60 Å)
• Six site model & TIP4P/ice model
• T = 270 K
• ρ = 0.96 g cm−3

• Electric fields exhibiting a functional variation
with Emax ~0.5 V/Å, close to surface (~10 Å) in-
duce nucleation.

Fu et al. (2011) [158] Effect of electric field on structure and
phase transition of water confined in a
thick single walled carbon nanotube

• 3.1 nm long SWCNT with d = 1.2 nm
immersed in a cubic box

• N = 46 (TIP4P)
• T = 230-350 K
• E = 0–0.4 V/Å

• Formation of pentagonal (5,0), helical (5,1) and
helical (5,2) ice nanotubes with application of an
electric field along tube axis.

• Threshold field at T = 295 K for first order solid
to solid transition is 1.25 × 109 V/m and 2.25

(continued on next page)
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Table 5 (continued)

Reference and year Focus of study Methodology Key results

× 109 V/m for transitions corresponding to
(5,0) ↔ (5,1) and (5,1) ↔ (5,2) respectively.

Hu et al. (2011) [169] Effect of electric field on structure and
dynamics of water below glass transition
temperature

• N = 1573 (Six site water potential)
• T = 77 K
• E = 0.05–4 V/Å
• Simulation box: Cube of side 3.6 nm

Two critical fields identified:
• Rapid onset of dipole polarization at 0.35 V/Å.
• Crystallization along with super polarization
characterized by a potential energy minimum
at 4 V/Å

Baranyai and Kiss
(2011) [132]

Influence of electric field on water
crystallization

• N = 432 (BK)
• T = 250 K
• E = 0.01–2.5 V/Å

• Critical electric field for crystallization is 0.35 V/Å

Hu et al. (2012) [170] Combined influence of electric and
magnetic fields on structure and
dynamics of ice growth

• TIP4P/2005 water models
• T = 240 K
• Electric (V/m)/magnetic fields (T)
corresponding to 106/0.01; 107/0.1;108/1
and 109/10

• Simulation box size dependent on specific
ice-water interface

• Combined influence of electric and magnetic
fields is more effective in inducing ice growth at
prismatic plane (106 V/m and 0.01 T) as against
basal plane (109 V/m and 10 T)

Yan and Patey (2012)
[150]

Influence of temperature, field strength
and spatial range of electric field on ice
nucleation

• TIP4P/Ice and six site water models with
rectangular simulation cell.

• T = 250-280 K (six site model);
245-270 K (TIP4P Ice)

• Threshold field strength to induce freezing for
both models is Emax = 1.5 × 109 V/m for c = 20
Å, where c represents spatial effectiveness of
electric field.

• Higher threshold field strength (Emax corre-
sponding to 2.5 × 109 V/m for TIP4P/Ice and 3.5
× 109 V/m for six site respectively) required for
c = 10 Å.

Yan and Patey (2013)
[151]

Effect of geometry and range of local
electric fields on electrofreezing

• Six site & TIP4P water models
• T = 270 K
• Local electric field bands of varying range
and geometry acting perpendicular to
direction of slab geometry.

• Emax = 0.3 V/Å

• Ice nucleation commences at (111) plane of cubic
ice

• Field band exceeding a threshold dimension
initiates nucleation

• Shape of electric field bands gives qualitatively
similar results

Khusnutdinoff (2013)
[171]

Influence of electric field on dynamics of
hydrogen-bond network and structural
ordering of water between graphene layers

• Modified SPC/Ef potential
• Water molecules between graphene layers
• T = 280 K
• Electric fields and pressure ranging from 0
to 2 V/Å and 0–10 GPa

• Electric field N0.5 V/Å with pressure field induces
structural ordering of water

Zhang et al. (2013)
[161]

Influence of electric field on
crystallization of water in a charged Pt
nanochannel

• N = 1250 (SPC/E)
• Water molecules sandwiched between
2 parallel Pt (111) plates with a charge
density
of +29 (top plate) and −29 (bottom
plate) μC/cm2.

• T = 200 K

• Surface layering of water enhanced with charged
Pt(111) surfaces

• Water layered absorbed next to the Pt (111) sur-
face suppresses nucleation of Ic and slows down
growth of ice near surface

Qian et al. (2014)
[172]

Influence of parallel electric field on
structure and phase transition of water
nanofilms confined between two
graphene sheets

• TIP5P water molecules confined between
2 graphene sheets (4.9 × 4.9 nm2)
separated by a distance of 1 nm

• T = 230 K
• E = 0–0.15 V/Å

• Water freezes and undergoes a first order solid--
solid phase transition exhibiting properties
similar to amorphous, hexagonal and rhombic
bilayer ice for electric fields in the range of 0–0.2,
0.3–0.8 and 0.12–0.15 V/nm, respectively.

Zhang et al. (2014)
[162]

Icing of water on polyethylene surfaces • N = 500 (SPC/E) confined between 2 PE
(100/010) surfaces

• E = 3 V/Å
• T = 200 K
• Dimensions of simulation cell:
• (Lx = 12.965 Å, Ly = 19.716 Å,
Lz = 110.164 Å) for (100) system &

• (Lx = 22.167 Å, Ly = 12.695,
Lz = 100.066 Å) for (010) system

• (100) system: Ice nucleation promoted due to
lattice match between quasi-ice layer (QIL) and
bulk ice.

• (010) system: Structural deviation between QIL
and bulk ice streamlined via a transition water
layer in between

Zhang et al. (2014)
[173]

Influence of electric field on structure
and growth of ice

• N = 508 (SPC/E)
• E = 0.4–4 V/Å
• T = 200 K.
• Dimensions of simulation cell
(Lx = 0.6 Å, Ly = Lz = 0.2 Å)

• Density of resulting cubic ice increases from 0.98
to 1.08 gcm−3 with increasing field.

• Expedited crystal growth partially attributed to
enhanced rotational dynamics due to electric
field

Zhu et al. (2014)
[174]

Electromelting to electrofreezing
transition of water overlayer on a
graphene surface as a function of surface
charge

• N = 1320 (SPC/E)
• T = 300 K
• Surface charge (q) on graphene surface
(98.4 × 93.72 Å2) increased from 0.00–0.18e

• Transition of long range to short range order in
radial distribution function observed at q between
0.06e to 0.07e, indicating a solid (ice I) to liquid
transformation.

• Reverse transition (liquid to Ice II) observed for
q between 0.12e and 0.13e

• Ice II found to have a structure commensurate to
that of graphene. The underlying reason is the
positive and negative values of Uw-w and Uw-g
for qc N 0.10e. Surface charge induces freezing by
creating a structure commensurate to that of the
base substrate.

Yan et al. (2014)
[175]

Influence of external electric field on
freezing of water

• N = 1000, 8000 & 32,000 (Six site model)
• E = 0–0.2 V/Å

• Melting point increases by 24 K (at 0.1 V/Å) and
44 K (at 0.2 V/Å)
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Reference and year Focus of study Methodology Key results

Guo-Xi Nie et al.
(2015) [159]

Effect of confinement on water
solidification

• SPC/E
• T = 300 K
• E = 0–5 V/Å
• Separation between the plates:
1.2–4.4 nm

• Confinement hinders water solidification under
external electric fields

• Parallel electric field more effective than
perpendicular electric field in inducing
crystallization

Druchok et al.
(2015) [176]

Influence of electric field on structural
changes in water

• N = 1600 (CF1)
• T = 298 K
• E = 0.025–0.25 V/Å
• Simulation box: cube of side 36 Å

• Critical electric field for crystallization is 0.25 V/Å

Mei et al. (2015)
[177]

Effect of charged surfaces on bilayer of
water confined in a nanoscale space

• N = 890 (TIP4P)
• T = 240 K
• Separation between charged
walls = 0.95 nm

• Transition between two types of ordered ice,
governed by nanoconfinement (type I) and
surface charge (type II) is observed.

• Transition characterized by intermediate
liquid-like phase with maximum value of lateral
in plane diffusion coefficient at a surface charge
value of qc = 0.5e.

Glatz and Sarupria
(2016) [178]

Effect of surface charge distribution on
ice nucleation on modified AgI surfaces

• N = 720 & 96 (on two slabs of AgI)
(TIP4/Ice)

• T = 265 K
• Dimensions of simulation box:
(Lx = 3.17 nm, Ly = 2.74 nm,
Lz = 13.97 nm)

• Charged AgI surfaces with positively charged Ag
atoms closer to water molecules (relative to
negatively charged Ag) lead to a higher number
of interfacial water molecules with orientations
favorable for ice nucleation.

• Fastest ice nucleation observed for charge
distribution and lattice structure similar to the
ice bilayer formed on the surface.

Grabowska et al.
(2017) [179]

Analysis of new ice layer formed on the
basal and prism plane of a hexagonal ice
crystal

• N = 1330 (TIP4P/Ice)
• T = 250-270 K

• Local electric fields resulting from ordering of
interfacial water molecules affect structure of the
adhering ice layer.

• Formation of a hexagonal ice layer on the basal
plane is preferred over cubic counterpart for
supercooling N10 K

• Freezing rates higher on the prism plane when
compared to a basal plane.
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fields reported in experiments. This section discusses various aspects of
MDS based studies relevant to electrofreezing; all such studies are sum-
marized in Table 5. It is noted that in-depth analyses on various water
models used in the simulations, and their appropriateness in replicating
the properties of water and ice has been discussed in many studies
[118–140], and is not reviewed presently. However, for the sake of com-
pleteness, we have summarized the key melting and structural proper-
ties of these water models in Tables 3 and 4.

4.2.1. Effect of an electric field on molecular structure of bulk water
While it was possible to study crystallization of monoatomic liquids

via MDS in the later part of the twentieth century, molecular liquids
were usually observed to be trapped in metastable glassy states, only
emerging for cases of slow reduction in temperatures. This hampered
the detection of a heterophase nucleus within the timescale of typical
simulations [138]. However, it was observed that polar molecular
liquids like water can nucleate from the metastable phase with the as-
sistance of an electric field, thereby making it possible to study crystal-
lization of water through simulations [139–141].

Svishchev and Kusalik [138] were the first to report electrofreezing
of water through MDS in 1994. It was inferred from a study of the
oxygen–oxygen radial distribution function that amorphological transi-
tion of liquid water into cubic ice can be achieved at a threshold field
between 0.1 and 0.5 V/Å with a transition time on the order of 200 ps.
The cubic structure (by virtue of its diamond-type lattice packing
arrangement) enables a favorable parallel arrangement of themolecular
dipoleswith respect to the electricfield direction, the result ofwhich is a
dipole saturation value of almost 90%. This explains the transformation
into cubic ice as against the more commonly existing hexagonal ice.
Importantly, the electric fields in this simulation were similar in magni-
tude to local electric fields existing near surfaces (molecular level dis-
tance) of certain biopolymers [142], or within the cracks of amino acid
crystals [70].
Furthermore, Svishchev and Kusalik [140] reported that TIP4Pmole-
cules failed to crystallize at water simulation cell densities ranging from
0.9–0.92 and 0.96–0.98 g/cm3, but instead transformed into low and
high-density amorphous ice, respectively at 250 K. The threshold densi-
ty range for crystallization into cubic ice was estimated to be between
0.94 and 0.96 g/cm3. SPC/E molecules displayed a lower propensity for
nucleation by crystallizing at 220 K for a field strength of 0.7 V/Å
and density of 0.98 g/cm3 at a time scale of 350 ps. It is noted that
the melting point of SPC/E water model (200K) is lower than that of
TIP4P water model (240 K). Constant density simulations were more
effective than constant pressure simulations in producing good polar
ice crystals. Shortly thereafter, it was observed [139] that applying
an electric field to TIP4P water at a pressure of 3–5 kilobar and at tem-
peratures ranging from 225 to 240 K led to the formation of a hitherto
unknown open quartz-like structure at timescales of 1 ns; this was de-
noted as ice XII.

It was established by Svishchev and Kusalik [140] that complete
polarization of molecules necessitates a break-up of hydrogen bonds
between adjacent molecular layers; this is achieved via electric fields.
Borzsak [143,144] reported that an oscillatory shear mechanism in
the form of a planar Couette flow assists electric fields in enhancing
electrofreezing. This is achieved by distorting the network of hydro-
gen bonds, thereby assisting polarization of the molecules with the
aid of an electric field in an effective manner. It is noted that oscilla-
tory shear was applied only during the first 200 ps of the simulations,
as any further application could cause the crystalline structure to be
sheared off. The use of oscillatory shear reduced the simulation
times by an order of magnitude, thereby expediting the formation of
the conjectured ice XII polymorph [139] at high pressures, and facilitat-
ing cubic ice formation at ambient pressure.

Jung et al. [145] studied the influence of an electric field on the mo-
lecular structure of liquidwater. It was inferred that at 243 K, an electric
field of 0.5 V/Å results in an increase in the number of six-membered
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ring structures, accompanied by a simultaneous decrease of other ring
structures. Since Ice I structure is predominantly composed of six-
membered rings [140], the resulting structure was inferred to be that
of ice Ic as depicted in Fig. 9 (a, b).

4.2.2. Effect of charged surfaces or local electric fields on interfacial water
molecules

The structural transition of interfacial water molecules adjacent to
charged surfaces or under the influence of electric fields is the subject
of manyMDS-based studies. The primary focus is to capture the depen-
dence of the dynamical evolution of structural characteristics of the
phase transition on surface charge and electric field [146–151]. Xia
and Berkowitz [147] conducted simulations for a system of 512 SPC/E
water molecules confined between two Pt (100) surfaces with opposite
surface charges. Key findings are as follows:

• Density profile graphs indicated that an increase in the magnitude of
surface charge had an effect on density distribution of H and O
atoms, leading to a stacking of water layers, in proportion to themag-
nitude of surface charge. This effect was more pronounced for water
layers close to the positively charged surface (Fig. 10(a)).

• Water dipoles displayed an orientation preference with increasing
surface charge, with almost 100% dipole polarization for a surface
charge density of 35.4 × 1010C/m2.

• At a surface charge of 35.4 × 1010C/m2, the water lamina between the
surfaces underwent significant stacking, characteristic of transforma-
tion into a crystalline structure,with intermediate domains of strained
cubic ice lattices.

Yan and Patey [149] studied heterogeneous nucleation of supercooled
water under the influence of electric fields (Emax= 5 × 109 V/m) acting
very close (within 10 Å of the surface), and in a direction parallel to that
of the surface. Formation of a thin ordered layer of water, very close to
the surface was observed, which acts as an ice nucleant with structural
properties similar to that of dipole-ordered cubic ice. Ice nucleates
on the outer edge of this layer and grows into the bulk of the liquid.
Yan and Patey [159] further conducted quantitative analysis on local
surface-field induced ice nucleation [150], and the geometry and
range specific effects of local electric field bands on ice nucleation
[151]. It was observed that electric fields which remain effective
at greater distances away from the surface (subject to a threshold
distance) lead to stronger polarization; this reduces the magnitude of
Fig. 9. (a) Structural change induced in liquidwater (ρ=1 g/cm3) at 243 K and an electric field
the course of the simulation [145]. Fig. 9 (a) & (b) reprinted with permission from Reference [
the field required to induce freezing. Furthermore, ice growth always
commenced at the (111) plane of cubic ice.

Zhu et al. [174] observed that increasing the magnitude of charge
on a graphene surface increases the interaction energy between
water and graphene (Uw − g), and simultaneously decreases the
water-water (Uw − w) interaction energy. The lower attractive forces
between water molecules lead to electromelting of the ice previously
formed on the surface of graphene. Furthermore, above a critical
charge limit, Uw − g and Uw − w switch signs, becoming negative
and positive respectively, thereby indicating attractive and repulsive
forces, respectively. This leads to freezing of electromelted water due
to the creation of a structure commensurate to that of graphene
(since Uw − g b 0). Overall, surface charge can induce freezing by
creating a structure commensurate with that of the base substrate,
by increasing the interaction energy between water and the base
substrate.
4.2.3. Confinement-induced solidification
While Xia and Berkowitz [147] (Section 4.2.2) studied the influ-

ence of surface charge on water confined between two plates (spacing
~40 Å) carrying equal and opposite charge, this section examines
studies on the behavior of water under smaller confinements, ap-
proaching a few molecular layers (typically 8–12 Å). Multiple studies
[152–157] report that liquid water (unlike other molecular liquids)
does not crystallize upon confinement at room temperatures. However,
confinement, coupledwith an electric field accelerates freezing [157] by
restricting the orientational degrees of freedom of molecular dipoles
along axes perpendicular to the direction of the electric field. This trans-
lates to a reduced entropy contribution to the free energy of the liquid-
solid phase transition, thereby assisting crystallization.

Zangi and Mark [157] studied electrofreezing for a system of 1200
TIP5P water molecules confined in a slab-like configuration between
two parallel plates, and subject to a lateral electric field of 0.5 V/Å. For
a plate separation distance equal to the thicknesses of a tri-layer
of water molecules (0.92 nm), two distinct phases of ice (low and
high density) were found to exist at 280 K. The low-density and high-
density ice phases displayed in-plane hexagonal and rhombic symme-
try, respectively. Furthermore, the degree of ordering exhibited an
inverse dependence on the plate distance.

Fu et al. [158] investigated the phase transition of water confined in
a single-walled carbon nanotube (diameter: 1.2 nm), under the influ-
ence of an electric field applied along its axis. They reported the
of 0.5 V/Å [145]. (b) Variation in the number of differentmembered ring structures during
145]. Copyright: 1999 Elsevier.

Image of Fig. 9


Fig. 10. (a) Normalized density distribution plots of oxygen and hydrogen atoms for increasing surface charge with the left and right surfaces positively and negatively charged,
respectively. Significant stacking of water layers occurs with increasing surface charge [147] (b) Configurational snapshot of electrofreezing simulation for localized electric field [149].
The field is applied along the Y-axis with the three panels representing snapshots at t = 0, 2.4 & 4 ns starting from top to bottom. Oxygen atoms of the water molecules that
experience the field (z ≤ 10 Å) are green, those outside the field region are red. Hydrogen atoms are denoted in black. Fig. 10 (a) reprinted with permission from Reference [147].
Copyright 1995 American Physical Society. Fig. 10 (b) reprinted with permission from Reference [149]. Copyright: 2011 American Chemical Society.
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formation of pentagonal (5,0) and a hitherto unreported helical (5,1)
and (5,2) ice nanotubes from liquid water. The liquid to solid transition
into either of these geometries was seen to depend on themagnitude of
the electric field.

The above studies observed crystallization due to confinement in the
presence of an electric field. Conversely, Guo-Xi Nie et al. [159], ob-
served that confinement at the nanoscale hinders water solidification
under external electric fields. Additionally, a parallel electric field was
more effective in inducingwater solidificationwhen compared to a per-
pendicular electric field. Similarly, it was reported by Hu and Wanlin
[160], that an electric field could induce melting in confined monolayer
ice. The critical melting temperature of confined monolayer ice was
found to decrease with increased field strength.
4.2.4. Benchmarking MDS-based studies
This section begins by highlighting a link between the observationsof

MDS-based studies and the ‘theory of disordered layers’, proposed de-
cades earlier (1970) by Evans [61]. Evans proposed that freezing com-
mences on a layer of interfacial water molecules firmly adsorbed on a
solid surface and that the dynamics of ice nucleation can be tuned by
modulating the properties of this interfacial water layer. As an illustra-
tion, Yan & Patey [149], observed the formation of a thin ordered layer
of water next to the surface in the presence of local electric fields; this
acts as a precursor upon which layers of ice nucleate and propagate
into the bulk. Similarly, Xia and Berkowitz [147] reported that water
molecules next to a platinum surface display solid-like characteristics.
However, it was reported by Zhang et al. [161] that the presence of the
water layer, adsorbed to the surface in a charged platinum nanochannel
impedes the growth of cubic ice Ic, and slows ice growth near surfaces.

Evans' theory was further substantiated in a study by Zhang et al.
[162] on electrofreezing of water on polyethylene surfaces. It was ob-
served that a surface film composed of 3–4 molecular layers of water
was formed next to the solid surface. Furthermore, ice nucleation dy-
namics was determined by the two layers closest to the surface, termed
as the quasi-ice layer (QIL). It was reported that a similarity in the lattice
structure of QIL and ice promotes nucleation in the event of slight devi-
ations in the lattice structures of the solid surface [polyethylene (100)]
and ice. This directly corroborates Evans' hypothesis proposed four de-
cades earlier. Additionally, any dissimilarity in the lattice structure of
QIL and ice could be relaxed by a transition layer of water molecules be-
tween QIL and bulk ice. Similarly, Yeh and Berkowitz [163] observed
that water layers adsorbed next to platinum (111) and (100) surfaces
adopt hexagonal ice and square lattice solid like structural characteris-
tics respectively.

It is important to note the discrepancies in the values of the critical
electric field for crystallization of water. These can be attributed to dif-
ferent models and the size and geometry of simulation cells utilized in
these studies. Jung et al. [145] observed crystallization for electric fields
ranging from 0.15–0.2 V/Å (TIP4P), whereas Sutmann [164] and Xia
et al. [148] observed crystallization for electric fields between 4 V/Å
(BJH) and 1–2 V/Å (SPC/E) respectively. Yeh and Berkowitz [165]
and Svishchev and Kusalik [139] however, reported crystallization at
an electric field (ET) between 0.5 and 1 V/Å (SPC/E) and 0.1–0.5 V/Å
(TIP4P) respectively. This is the total electric field (ET) where, ET =
EX + EP and ε = EX/ET. EX, EP and ε are the applied electric field,

Image of Fig. 10
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electric field due to internal polarization and the dielectric constant, re-
spectively. It is important to note that in simulations involving a water
slab utilizing 2-D Ewalds summation technique, the value of ET emerges
from simulation data (i.e. ET is not equal to EX), whereas for bulk simu-
lations utilizing 3-D Ewalds summation technique, ET equals the applied
electric field (EX) [165].

5. Conclusions and future outlook

Various fundamental mechanisms underlying electrofreezing have
been systematically classified and critically reviewed. It is seen that
electrofreezing can enhance ice nucleation significantly. Best results to
date include freezing at a supercooling of only 0.1 °C [71], and a 16 °C
elevation [83] in the nucleation temperature (compared to the no
electrofreezing case). Over the last few decades, various mechanisms
have been studied including molecular rearrangements of water near
the surface, contact line dynamics, electrochemistry-related effects,
confinement, bubble-related mechanistic effects etc. While all these ef-
fects play a role, their relative importance in complex systems is not
well understood and deserves further attention. Our understanding
of electrofreezing will also benefit from a better synergy between
MDS-based studies and experimental efforts. MDS can study the reorga-
nization of molecular volumes of liquid water under high magnitude
electric fields for short time durations and has confirmed someprevious
hypothesis on possible mechanisms. Yet, MDS-based results cannot
often be validated directly via experiments, wherein the maximum
electricfield is limited bypractical considerations, and nucleation detec-
tion at molecular-level length scales remains a challenge. To conclude,
while there has been significant progress in our understanding of
electrofreezing, there remain unanswered questions about molecular
level mechanisms, as well as macroscopic aspects of electrofreezing.
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