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ABSTRACT: The electrification of ice has been a subject of
research since 1940, mostly in the context of charge generation
in thunderstorms. This generation of electric charge is
spontaneous, distinct from applying an external electric field
to affect the diffusive growth of ice crystals. Here, we exploit the
spontaneous electrification of ice to reveal a surprising
phenomenon of jumping frost dendrites. We use side-view
high-speed imaging to experimentally observe frost dendrites
breaking off from mother dendrites and/or the substrate to
jump out-of-plane toward an opposing polar liquid. Analytical
and numerical models are then developed to estimate the
attractive force between the frost dendrites and liquid, in good
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agreement with the experimental results. These models estimate the extent of charge separation within a growing sheet of
frost, which is caused by mismatches in the mobilities of the charge carriers in ice. Our findings show that the unexpected
jumping frost event can serve as a model system for resolving long-standing questions in atmospheric physics regarding charge
separation in ice, while also having potential as a deicing construct.
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the stream of water gets deflected. This simple childhood

experiment shows us the remarkable dipolar nature of
water molecules, which become partially aligned in the
presence of an electric field." Hexagonal ice, on the other
hand, cannot exhibit a net alignment even in an electric field.?
However, colliding ice particles can acquire an electric charge
due to a difference in contact potentials.’ Further, charge
separation can occur across ice that exhibits a temperature
gradient,[*_6 such that a particle broken off the ice can exhibit a
net charge. For example, when air is blown over frost grown on
a cold substrate, microscale “splinters” of ice get caught in the
flow which exhibit a negative electric charge.7_9 Similarly,
when a frosted sphere was placed within a humid air flow, frost
dendrites were observed to detach into the flow and even
explode into multiple pieces.'” When frost is grown on a wire
set at a high voltage, simulating the conditions during a
thunderstorm, it can generate charged ice splinters“fl3 or
even water droplets.'*

These previous reports clearly demonstrated that ejected ice
particles can carry a charge; however, either a convective air
flow’™'" or high voltage'"'*'* was required to cause the
ejection. Here, we demonstrate that not only splinters of frost
but entire frost dendrites can break off and jump from a
growing frost sheet solely in the presence of an opposing water
film or droplet (Figure 1a,b). No air flow or applied voltage
was required, such that the jumping dynamics could be

If we bring an electrically charged rod near a water faucet,

© 2021 American Chemical Society
4669

N4 ACS Publications

noninvasively captured with high-speed photography. We show
that the attractive force between the frost dendrites and body
of water can be extracted from the jumping kinematics and
compared to models of charge separation in frost.

RESULTS AND DISCUSSION

Experimental Setup. Our experimental setup involves
growing frost on a substrate and placing a liquid droplet or film
at some height above the substrate (Figure 2a,b). We used a
completely dry hydrophobic silicon wafer, which was thermally
bonded to a Peltier stage set at T, = —10 + 1 °C within a
room-temperature environment (air temperature T,, = 25 +
0.5 °C and relative humidity RH = 40 + 10%). To suspend
water above the silicon substrate, a 2 cm X 2 cm filter paper
was attached to a 3D-printed holder that was connected to a
syringe pump (see Figure S1 in the Supporting Information).
The out-of-plane gap between the silicon and wetted paper was
varied as H = 1, 2.5, or 5 mm. Initially, the filter paper
remained dry, while frost grew on the chilled substrate via
condensation frosting.'> When the frost sheet grew to a desired
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Figure 1. Jumping frost phenomenon. (a) When a wet piece of paper is brought above a growing sheet of frost, frost dendrites can break off
from the sheet and jump toward the paper. (b) Experimental chronophotograph of a jumping frost event, where an entire frost dendrite
detached from its substrate to jump toward a wet filter paper. The dotted line at the bottom visualizes the top face of the substrate from
which the frost was grown.
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Figure 2. Dynamics of the jumping frost. (a) Schematic of the experiment: frost was grown to an average height  on a subzero temperature
(T,) substrate. A filter paper was suspended at a variable height H above the frosted substrate. (b) Shortly after adding water to the filter
paper, frost particles broke off and jumped toward the water-soaked paper. (c) Chronophotography of a micrometric jumping frost particle,
from the instance of break-off (f = 0) until it reaches the wet filter paper, for three different cases of H = 1 mm (red), 2.5 mm (green), and 5
mm (blue). All scale bars represent 100 gm. (d) Dimensional plot of jumping velocity vs time for frost particles jumping toward the
suspended wet filter paper. The color scheme of the data points matches that of (c). Different symbols within a color scheme represent
separate trials. (Inset) Free body diagram of the spherical approximation of an irregularly shaped dendrite. (e) Equivalent nondimensional
plot, where all data collapse onto a universal theory line.

thickness, typically in the range of h~120—800 um, hydrophilic glass and a superhydrophilic aluminum hydroxide
approximately 100 yL of water was dispensed onto the filter surface, indicating that the phenomenon can occur over a wide
paper (Figure 2b). As soon as the paper became saturated with variety of surface wettabilities and irrespective of differences in
water, several of the dendrites within the frost sheet began to the thermal and electrical conductivities (see Figure S2b,c and
twist and turn. Movie 1). As micrometric frost splinters jumped with greater
Periodically, one or more of the micrometric dendritic frequency than entire (millimetric) dendrites, while also
branches or “splinters” would break oft from the frost sheet exhibiting a simpler shape, we focus our attention on the
and jump toward the wetted paper (Figure 2c). Jumping splinters as a model system to understand the mechanisms
dendrites exhibited an initial acceleration on the order of a ~ behind the jumping phenomenon. At the same time, the
10 g and traversed the gap within t & 1—10 ms. These jumping analysis will remain conceptually valid for the more dramatic

events tended to begin around ~10 s after wetting the paper case of whole frost dendrite jumping.
and continued intermittently until the frost growth began to Dynamics of Jumping Frost. The velocities of the
taper off. This jumping frost effect was also observed on jumping frost were plotted against time for different H (Figure
4670 https://dx.doi.org/10.1021/acsnano.0c09153
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Figure 3. Origin of the attractive force on the frost dendrites. (a) Initial (nanoscale) frost exhibits a roughly uniform temperature and
distribution of ions (defects) within the dendrites. (b) As the frost dendrites grow to a microscale, T,, > T, such that ions are more
concentrated in the warmer upper dendrites. Positive ions then diffuse to the lower concentration basal frost at a much higher mobility than
the negative ions. (c) This charge separation enables the fracture and jumping of frost in the presence of an opposing polarizable liquid. (d)
Numerical simulation showing that, when the frost and opposing water film are both planar, the electric field is uniform. (e) This results in a
straight trajectory and constant terminal velocity for jumping frost particles, validated here by chronophotography, where the particle
consistently travels ~300 ym every 2 ms at terminal velocity to cross the 2.5 mm gap. (f) Numerical simulation showing that, when frost is
now opposite a pendant droplet (i.e., plate and sphere configuration), the electric field is nonuniform with curved field lines. (g)
Chronophotography (successive position of the dendrite temporally separated by 2 ms) confirms a curved trajectory for a jumped dendrite
opposite a water droplet, where the sudden increase in acceleration near the droplet is confirmed by increased distance between successive
positions. Both scale bars represent 100 gm.

2d). Typical to the motion of an object in a fluid, the velocity 1.2, where p = 1.2 kg m™ and y = 18 yPa s are the air density

of the frost increased continuously and then attained a terminal and dynamic viscosity, respectively. The maximum observed
velocity mid-jump before reaching the wetted paper. A force velocity of the jumped dendrites V,,,, among all trials is about
balance on the jumped frost particle of mass m and velocity 0.9 m s™". Solving the force balance for v(t), with the initial

an(t) condition of v(0) = 0, we obtain
dt
force between the dendrite and the water, F, is the force of v(t) = Vi1 - e_t/TC] (1)
gravity, and Fy is the drag force (Figure 2d, inset). By
approximating the jumping dendrite as a perfect sphere of
radius R, we can assume a Stokes drag of Fy = 67uRv(t), where
u is the viscosity of the air. The area of the real-life dendrite
was approximated as its projected area, A & Iw, where [ and w

are the in-plane length and width, and it is assumed that the

v(t) yields m =F — F, — F;, where F, is the attractive

where V, = (F, — mg)/(6@uR) is the terminal jumping velocity
and 7, = m/(6muR) = 2R*p,/9u is the characteristic relaxation
time for reaching terminal velocity, with p; being the density of
ice. If the time to reach the water film, 7, is longer than 7, the
velocity of the dendrites will reach a steady velocity. This was
always the case for H = 2.5 and S mm, whereas for H = 1 mm a

dendrite is very thin. This same surface area was then mapped steady velocity was only reached for the smallest particle sizes
onto a perfect sphere to extract the effective sphere radius (R). (due to the R* dependence of 7.). We can now nondimension-
The assumption of Stokes drag is supported by the alize the experimental time with 7. and the velocities with the
micrometric radius of a typical jumping dendrite (R ~ 10 corresponding experimental steady velocity for all the experi-
um), such that the maximum Reynolds number of the vapor ments where the dendrites reached a steady velocity. Figure 2e
flow around the jumping dendrite is only Re = pV,,.,(2R)/u =~ shows all the nondimensional experimental data collapsed over
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the theoretical curve from eq 1. We can thus use the
experimentally measured values of V, to extract F,. For a typical
case of particle radius R ~ 10 um, p; = 917 kg m >, u ~ 18 yPa
s, and V; & 0.1-0.9 m s~ we obtain an order of magnitude
estimate for the attractive force F, ~ 1071°—107° N. But now
we need to understand the mechanistic origins for this
attractive force.

Charge Separation in Ice: Temperature Gradient
Theory. Informed by previous reports of charge separation
occurring in bodies of ice that exhibit a temperature
gradient,4_6 we hypothesize that the attractive force is
electrostatic in nature. This hypothesis was tested by
suspending a wide variety of polar vs nonpolar liquids above
the frost sheet (see Figure S3 and Movie 2). The jumping frost
effect was consistently observed when dangling a pendant drop
of a polar liquid—water, acetone, or ethylene glycol—over the
frost sheet. In contrast, no jumping frost was ever observed
when suspending nonpolar droplets of decane or hexadecane.
Similarly, no frost dendrites fractured or propelled from the
surface when using dry filter paper (or not suspending any
object at all). While electrostatic charge can develop in polar
liquids flowing through a channel due to the streaming current
phenomenon, © this was not the primary mechanism in our
case. The flow-independent electrification of our system was
validated by two separate observations: jumping was observed
when using static pendant droplets or by gently submerging
the filter paper in water (rather than using a syringe pump).
Triboelectric charging of the filter paper can also be neglected,
as dry filter paper did not promote frost jumping.
Cumulatively, these observations strongly indicate that the
frost exhibits a charge separation that in turn polarizes the
opposing liquid to produce an electrostatic attractive force.

The spontaneous electrification of ice has been studied
intensively and almost exclusively by the atmospheric
community to understand thunderstorms, especially in the
mid-twentieth century.*”*%'”'® The electrical state of chemi-
cally pure ice is dominated by its intrinsic charge-carrying
defects: ionic defects H;O" and OH™ (denoted by q and m)
and reorientational Bgerrum D (positive) and L (negative)
defects (d and 1),"*~** all of which are formed spontaneously
by thermal activation. The thermoelectric theory put forward
by Latham and Mason® described a temperature-gradient-
induced charge separation in an ice slab. The warmer end of
the ice will have a higher concentration of thermally activated
ionic defects, prompting their diffusion toward the colder end.
As H,O" diffuses about 3.3 times faster than OH~, this creates
a potential difference across the ice with the warm and cold
ends exhibiting net negative and positive charges, respectively.®

Let us now apply the Latham and Mason theory of charge
separation to our specific case of a dendritic frost sheet grown
in warm air. Upon the earliest nucleation of nanoscale frost,
the temperature gradient is negligible such that the ionic
defects are evenly distributed (Figure 3a). As the dendrites
continue to grow outward from the nanoscale frost, their top
ends will increasingly warm (eventually approaching the
melting temperature), while the base of the frost is maintained
at the temperature of the chilled substrate. As a result, the
upper portion of the frost will become negatively charged while
the basal frost becomes positively charged (Figure 3b). To
validate that the charge separation in frost was required for
dendrites to become attracted to the opposing water, we
performed a control experiment with an isothermal frost sheet
in a walk-in freezer (see Figure S2a and Movie 3). As expected,

4672

when the frost lacked an appreciable temperature gradient, the
jumping effect was suppressed even when holding water over
the frost. To apply our numerical model, we crudely
approximate a three-dimensional frost sheet as an ice slab of
thickness h (Figure 2a). The negative surface charge density on
the vapor side of the frost sheet can now be estimated from the
modified Latham and Mason model:”

—€‘€°kB( ]( % + 1]£C/m2
kyT h (2)

2e

where ¢, = 100 is the relative permittivity of ice, kg is the
Boltzmann constant, ¢, = 1.08 eV is the activation energy to
create H;0" and OH™ ions in ice,”* ¢ is the elementary charge,
AT

07 &
= 100 pm, and u represents the mobility of the ions within ice
where the + and — superscripts denote H;O* and OH™ ions,
respectively. In general, the H;O" ions are more mobile than
the OH™ ions and the mobility ratio u*/u” is about 3.3.2% For
the average dendrite temperature T, we can use the average of
the equilibrium ice—water interface temperature (T; ~ 0 °C)
and the substrate temperature (T, = —10 °C).”® The total
change in temperature across the frost is approximated by
AT = T, — T, = 10 °C. With the temperature gradient ~ 10/
107* = 10° K m™", the surface charge density on the frost plate
is found to be 6, = —9.86 X 107 ~ 1077 C m™

Origin of the Attractive Force on the Frost. These
negative charges on the upper frost induce positive charges on
the nearest polarizable surface, ie., the opposing water. Of
course, there will be an equal amount of negative charges
within the water film that will be reoriented away from the
frost plate. Thus, an external electric field is set up between the
frosted surface and the opposing water surface (Figure 3c). A
broken piece of frost carrying a negative surface charge’ will
move upward, as this corresponds to the opposite direction of
the electric field. As the relative dielectric permittivity of water
is much higher than the surrounding medium (€, ~ 80, €
~ 1), the internal electric field can be neglected and we can
treat the water film (droplet) as a conducting plate (sphere)
with positive surface charges™* (see Figure S4a,b and Section
2.1 in the Supporting Information).

The case of a frosted surface and an opposing water film
(Figure 3d) can be compared with a parallel plate capacitor, as
the plate areas (~100 mm?) are larger than the spacing
between them (H ~ 1 mm). A uniform field of strength E =
6,/€y ~ 10* V. m™" was found from subsequent analysis (Figure
3d). The charge g; on a frost dendrite broken off the frost is
found to be in the range of 107'*—107" C from the
electrostatic force equation, F, = g;E where F, = 107'°=107°
N as found previously. We avoided any experimental setup to
directly measure this charge on frost dendrite, as the
measurement process would have likely induced error due to
the temperature gradient and humidity in the vicinity of our
frosted surface.”® But previous reports on fragmented frost
dendrites have reported a similar amount of charge from direct
measurement, which gives us enough confidence in our
minimal model.*'* The uniform electric field lines between
the substrate and the film explains the experimental
observation of the straight path of the jumped dendrite
(Figure 3e). For the case of an opposing water droplet in place
of a water film, we simulated the electric field by solving
Laplace’s equation in the space between the substrate and the
droplet (see Section 2.2 in the Supporting Information). The

ut/u —1

uu+ 1

65:

is the temperature gradient across frost of thickness h

air
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Figure 4. Numerical simulation for charge separation in an ice slab. (a) One-dimensional ice slab model with the temperature decreasing
linearly from the left to the right end. The positive x-axis is along the direction of decreasing temperature. (b) Temporal variation of charge
density in the slab’s warmer left half, due to the mismatch in mobility of the OH™ and H;0" ions. The negative sign of the charge density
shows that the negative charges accumulate on the warmer end of the ice. The steady-state value of the surface charge density is very close to
the value obtained from Latham and Mason’s original formula. (c) Spatial distribution of the nonequilibrium density of OH™ and H;O" ions
at representative times. (d) Spatial distribution of space charge density of the ionic defects at representative times.

simulation results are shown in Figure 3f, which shows that the
electric field is nonuniform and increases as we go near the
droplet. Moreover, the field lines curve into the water droplet
at a right angle following the rule that flux is perpendicular to
the surface. This matches with our experimental observation of
the curved droplet trajectory in Figure 3g and the increased
acceleration of the dendrite near the droplet (see Figure S4c
and Movie 4). The numerically simulated electric field values
also match with the results achieved through simpler scaling
analysis (see Section 2.3 in the Supporting Information).

Charge Separation in Ice: Numerical Simulation. At
this point, it is important to generalize this charge separation
theory for the case of an entire frost dendrite breaking off from
the surface (Figure 1b). Generally, the three-dimensional frost
dendrites do not grow directly on the surface but over an icy
basal layer, which can be discontinuous or continuous,
depending on the wettability of the substrate. Since a
temperature gradient is the primary driving force of the frost
jumping, the ambipolar transport of the ionic defects happens
between the surfaces having the largest temperature difference,
i.e., between the icy layer contacting the surface and the frost—
air interface. This way even an entire dendrite can carry a
negative charge while the positive charges stay in the basal
layer. The schematic of Figure 3a—c shows this progression of
events from the frost growth until the jumping.

To complete our understanding of charge separation in ice
due to a temperature gradient, a numerical simulation
approach to eq 2 is presented here, for a column of ice with
the same h = 100 um thickness, denoted as domain length (L =
100 ym), and temperature decreasing linearly from the left side
to the right side (Figure 4a). Without any temperature
gradient, there is a balance of H;O"—OH™ ions in the bulk ice,
whose equilibrium is maintained by the mass action law:
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pupy =P (T (3)
where p; is the density (or concentration) of ion i in the ice
slab, with i m and q for the OH™ and H;O" ions,

respectively. P°(T) = p:l(T) = p:(T) = Ne ¥ 1) 5 the

temperature-dependent equilibrium density of the OH™ and
H,0" ions. N = 3 X 10 m™ is the concentration of oxygen
molecules in ice and ¢, & 1.08 eV is the activation energy for
the ions. Although the mass action law is strictly valid only in
thermal equilibrium, as a quasi-equilibrium is maintained in the
ice in the presence of the thermoelectric effect, the mass action
law still holds locally across the entire ice slab.

Once a small temperature gradient is induced in the slab
(decreasing from left to right side of the slab), accompanying
concentration gradients of H;O" and OH™ ions appear in the
slab. These gradients lead to the diffusive movement of H;0O"
and OH™ ions. Due to the higher mobility of H;O" ions,
charge separation occurs within the ice slab with H;O* (OH")
ions enriched at ice slab’s colder (warmer) side. This in turn
sets up an internal ambipolar electric field that opposes the
movement of the H;O" ions. Eventually, the balance of electric
field-driven transport and diffusion transport leads to a steady-
state potential with no net current flow. The ambipolar electric
field can be derived at the steady state.”® The governing
equations for the spatiotemporal variation in the ion
concentrations are

9, ol 9 T N
ﬁ=_Dmﬁ‘|'llﬂE"‘pm()_ T
ot 0x 0x mm Ting P (T)Tng
(4)
0
%ol R | BT AR
ot ox| lox b Tig pqO(T)qu (s)
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Figure S. Mechanisms of frost break-off. (a) For a submicron point of attachment with the substrate, frost break-off occurs seemingly
instantaneously. (b) Schematic showing how the point-break fracture of a dendrite can occur either from the substrate or from the “mother”
frost. (c) Point-break frost detachment from the mother frost. (d) Area fracture (i.e., microscale attachment length scale) of a dendrite from
the substrate. The twisting motion of the dendrite is evident from the change in positions of the three branches (yellow, red, and blue
colored) in the first two frames. The axis and direction of rotation are shown to help in the visualization. It takes about 7 ms from the
beginning of the twisting motions to the completion of crack propagation and break-off. (e) Schematic showing the twisting and/or turning
motion before the complete fracture of a dendrite from either the substrate or the mother frost. (f) Area fracture from the mother frost. t = 0
denotes the start of movement for the dendrite. At t = 2 ms, the yellow and blue dotted branches can be seen at a different location, while the
branch with the red dot has moved into the page and is obscured from the viewer. All zoomed-in photographs in (a), (c), (d), and (f) show
the full shape of the detached frost midflight, with a digital outline for visual clarity. The snapshots are from Movie 5.

oE _ p = p)
x e, ()

where pi, & 3 X 107 m?> V' s and Hq ™ 1077 m?> V! s!are
the mobility of the OH™ and H;O" ions, respectively, E is the
intensity of the electric field set up by the space charge, e is the
elementary charge, €, = 100 is the relative dielectric
permittivity of ice, and 7,4 = 2 X 1075 s is the recombination
time for the ions.”” The first two terms on the right side of egs
4 and 5 are simply Fick’s law and Ohm’s law, respectively,
describing the contribution of ion concentration and internal
electric field on the transport of ions. As both of these
processes are related, the coefficients of the first two terms are
also related by the Einstein relation D,, ; =, (kg T/e. Although
these were present in the original Latham and Mason model, a
more general model of ion balance in ice should also include
volumetric source terms.”” The last two terms in egs 4 and 5
account for the generation and annihilation (or recombina-
tion) of ions, respectively, following the mass action law.
Together they constitute the volumetric source term or the net
charge produced within the ice.

These equations can now be solved simultaneously, with the
following boundary conditions defined at the left and right side
of the ice slab:

J,(0)=J (L)=0 (7)

J,© =J,@) =0
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E(0)=E(L)=0 )

where the fluxes of the OH™ and H;0" ions are depicted by
- % —_pk

J (x) = —D, 5> — U P, E and ]q(x) =-D +upkE At

= 0, OH™ and H;0" ions are in their local equilibriums with
P’ (X)=py’(x) = Ne 0/ ka0,

Figure 4b shows the evolution of the net charge of OH™ and
H,;0" ions in the left half of the ice. We can see that the net
charge density reaches a steady state, 6, = 9.6 X 107 C m~?,
after about 0.1 s. This is very close to the value o, = 9.86 X
107 C m™ we got using the original Mason’s formula. The
small difference is caused by the fact that, unlike Mason’s
model, we have not considered the thermally driven transport
of the OH™ and H;O" ions in eqgs 4 and S. The negative sign
on the accumulated charge on the warmer left-hand side of the
ice slab confirms the temperature gradient-induced charge
separation process in ice where the warmer end accumulates a
net negative charge. The spatial distribution of the
concentration of these ionic defects and net charge density is
also shown at some representative times (Figure 4c,d). In
Figure 4c, the nonequilibrium density of the ionic defects,
pi—p°(T(x)), is nondimensionalized by the equilibrium density
of the ions at the middle of the ice slab, p°(T(x = L/2)), which
is the same for OH™ and H;O" ions. The spatial distance is
nondimensionalized by the Debye length of the ionic defects,

Aom = \€0€,ksT/2p°¢". The charge separation only happens

qm
within a few Debye length distance in each end, while the bulk
region remains neutral. In Figure 4d, the spatial variation of the
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space charge density, p, = e(pq — pp), is plotted for different
times, which shows the concept of Debye length clearly.

Latham and Mason’s model for charge separation in ice,’
adapted here to estimate the surface charge density, did not
consider the effect of Bjerrum defects. This may seem a curious
omission, considering that Bjerrum defects are 10*—10° times
more abundant than ionic defects. However, attempts to
include Bjerrum defects in our thermal migration model (as
well as attempts by others)”” resulted in a positive charge on
the warmer end of the frost when commonly used
thermodynamic and transport properties of these defects
were adopted in the model. This contradicts clear experimental
evidence of the frost splinters exhibiting a negative charge,
validated by using charged copper electrodes (Figure SS) and
measured directly by others.”™” We hypothesize that the
Bjerrum defects do not appreciably contribute to the charge
separation because the preferential top-to-bottom thermal
migration of negative L defects is largely canceled out by the
migration of positive D defects from the outer surface of the
frost to the interior, as suggested by recent density functional
theory simulations (see Section 3 of the Supporting
Information).”® We hope that this report will inspire further
research on the effect of migrating Bjerrum defects on charge
separation and electrostatic ice removal. It would also be
interesting to vary the ambient gas phase and/or humidity,
which was beyond the scope of this initial study. Higher
humidity causes faster frost growth, which in turn can affect the
charge separation process in the frost layer. The impurities in
the ambient gas can also affect the charge on the outer frost
layer.®

Fracture of a Frost Dendrite from the Frost Sheet.
The last piece of the puzzle is the fracturing of the frost
dendrites, from either the substrate or “mother” frost, which is
a prerequisite for the subsequent jumping. High-speed
microscopy indicates two distinct modes of fracture. In one
mode, the area where fracture occurs is approaching a point
contact (I, $ 1 ym length scale), such that breakage occurs
instantaneously with respect to the temporal resolution of the
high-speed video (Figure Sa—c). In contrast, when the length
scale of attachment is more than [, > 10 um, the dendrite(s)
twists and turns before complete breakage (Figure Sd—f). We
hypothesize that these two seemingly different mechanisms of
fracture are related by the rate of crack propagation in ice.
Although finding the exact crack propagation rate in ice under
tensile stress requires the precise knowledge of its grain
structures, here we use scaling analysis to capture the physics.

From the Griffith condition for crack initiation, the
nucleating crack length ry can be found b;r equating the
attractive force with the crack initiation force,””*°

E = zr,* 78Ewad
¢ 0 (1 = v¥)ar, (10)

where E = 8.7 GPa is the modulus of elasticity of ice, w4 &
2y,.=02] m ™2 is the work of adhesion inherent to creating
an ice—air double interface, and v = 0.31 is Poisson’s ratio for
ice. Using our previously obtained scaling estimate of F, =
107°-107° N in eq 10, the nucleating crack length can be
solved as 7, & 107! m. We can then express the overall stress
intensity factor, assuming the tensile loading of an edge crack
of length ry, as K; & o, /7r,, where 6,,=F,/nl? is the applied
stress.”’ The maximum applied stress due to the maximum
force F, = 107 N is 6, ~ 10* Pa for a submicron contact point
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(I, # 100 nm) and 6, ~ 1Pa for a micron-sized area of
contact (I, ~ 10 pum). This translates to stress intensity factors
of K; &~ 1 Pam'? and 107 Pam'/?, respectively, far less than
the fracture toughness of ice, K = 10° Pam'/% We will
therefore assume a subcritical crack growth velocity, which for
brittle materials tends to scale as v, & 1 mm s~'.*” For such a
crack to propagate and completely detach the dendrite from
the substrate or the “mother” frost, it would take about I, /v, =
1077/107* ~ 100 s for a 100 nm attachment (Figure Sa,c)
and about /v, & 1075/107* &~ 10 ms for a 10 pum contact
length (Figure Sd,f). The experimental videos were recorded at
~10 kHz (100 s per frame), such that the temporal resolution
was approximately equal to the crack propagation time for the
case of a 100 nm attachment. This explains why complete
detachment appears to be instantaneous in the case of
submicron attachments. In contrast, crack propagation along
a 10 pm contact length would require ~100 frames to
complete, which is what enabled the visualization of the
twisting and turning motions prior to detachment. This scaling
estimate for the crack propagation time matches with our
experimental observations, where 440 frames (averaged across
three trials) were required from the initiation of twisting and
turning to the complete detachment of [, &% 10 ym attachments
prior to jumping.

CONCLUSIONS

While the spontaneous charging of growing ice particles has
been studied by atmospheric physicists to understand cloud
electrification during a thunderstorm,”'”*® the analogous
charge separation of frost growing on substrates has been
largely ignored by surface scientists. Here, we reported that
micrometric frost growing on a chilled surface can dramatically
fracture and jump into the air in the presence of polarizable
liquids. Our experiments and analysis, correlated with Latham
and Mason’s classical model, revealed that such motion results
from the temperature-gradient-induced charge separation
within a growing layer of frost and consequent electrical
attraction by the opposing liquid. Our simple approach of
correlating the high-speed imaging of jumping ice particles
with a dynamical model allows for the controlled laboratory
study of charge separation in ice, which may help atmospheric
physicists to better understand thunderstorm electrification.
Conversely, the findings described here could be stepping
stones for the development of an electrostatic deicing
technique, where we envisage that high-voltage electrodes
could replace the water film to propel larger masses of ice from
their substrate.

MATERIALS AND METHODS

Experiments in a Room-Temperature Environment. The
basic experimental setup for the jumping frost experiments in the
laboratory ambient condition is shown in Figure Sla. A Peltier stage
was fixed to a goniometer stage (Ramé-Hart, model 590) used for
growing frost on different substrates. The default needle assembly
with stainless steel needles (inner and outer diameters of 0.7 and 2.1
mm, respectively) was used to hold pendant droplets of water or other
liquids over the frost sheet. The droplet volume was varied between 1
and 10 uL by using a syringe pump (Ramé-Hart, model 100-22).
Slight modifications were done to this existing setup to hold a thin
water film opposite the frosted substrates. A piece of filter paper
(Sartorius) was attached with glue to the underside of a 3D-printed
holder (Figure S1b). The plastic tube attached to the holder ensured
proper fitting with the needle assembly. The syringe pump supplied
about 100 L of water to the filter paper through the needle assembly
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and the hollow channel. The experiments were recorded from the side
with a high-speed camera (Vision Research, Phantom v711) attached
to a macrolens (Canon MP-E 65 mm /2.8 1—-5X).

Experiments under Isothermal Conditions. Frost was grown
on a hydrophobic silicon wafer (T, = —10 °C) in the docking room
(T = 3.2 °C, RH = 73.6%) of a walk-in freezer (T, = —12.7 + 0.3
°C, RH = 72.6 + 3%). The relative humidity and temperature of the
freezer were measured using a humidity and temperature probe (E+E
Elektronik, model EE210). Once the silicon substrate was evenly
covered with frost, it was quickly brought into the freezer and left for
10 min before running experiments, to ensure that the frosted surface
reached the same temperature as the freezer. Room-temperature
water and the 3D-printed filter paper holder were brought into the
freezer prior to the experiment, to similarly ensure that they cooled to
the freezer’s air temperature. Just before the experiment, the filter
paper was touched gently on the surface of the supercooled water to
create a film of water and then held over the frosted surface. No
jumping was observed over a ~5 min span for each of the three trials.
In Figure S2a, we have included results of one such trial, where two
frames are separated by 160 ms without any jumping in-between
them.

Effect of Air Flow on the Jumping. A point of concern for the
jumping frost experiments was whether air currents could affect the
phenomenon. We addressed this issue in two different ways. First, an
anemometer with a minimum resolution of 0.3 m s™' (Omega, model
HHF81) consistently output a zero value when held near the
experimental setup, confirming that no substantive air flow was
present. While it is inevitable that the chilled substrate held within a
room-temperature ambient will induce natural convection, we note
that the convective current would be moving toward the substrate, in
the opposite direction of the jumping frost. Second, a supplemental
series of experiments were conducted within a closed Peltier
environmental chamber (Ramé-Hart, model P/N 100-30, dimensions:
81 X 55 X 44 mm), where the jumping phenomenon was similarly
observed (Figure S2b). These findings cumulatively indicate that the
jumping frost phenomenon was not appreciably affected by
convective currents for our experiments.

Effect of the Substrates and the Opposing Liquids on the
Jumping. For all of the experiments reported here, we used
hydrophobic silicon wafers to grow frost. Untreated hydrophilic glass
and superhydrophilic aluminum were also attempted, all of which
exhibited the same jumping frost phenomenon (Figure S2b,c). This
indicates that the jumping frost phenomenon can occur on substrates
where wettability, electrical conductivity, and thermal conductivity
widely vary. However, we do expect that the hydrophilic surface will
exhibit a higher frequency of frost dendrites from the ice—substrate
interface (as opposed to breaking off from the mother frost) because
of the reduced ice adhesion strength.>* On the hydrophilic and
superhydrophobic substrate, the dendritic frost growth was preceded
by the freezing of supercooled filmwise condensation.®® As this is not
fundamentally different from growing frost from an ice sheet, we
believe that the same jumping frost effect would have been observed if
the substrate was initially covered in ice.

Water droplets and films were used in most of the experiments, but
additional liquids such as acetone, ethylene glycol, and decane were
also used. For acetone and ethylene glycol, which are both polar due
to the presence of more electronegative oxygen atoms, jumping
dendrites were observed similar to the case of water (Figure S3a,b).
When a thin film of decane, a hydrocarbon, was used as the opposing
liquid, no jumping was observed for as long as S min (Figure S3c).

Image Processing. An open-source software (Tracker) was used
to track the jumped icicles over time and obtain the velocity vs time
plot shown in Figure 2d. For each case, t = 0 is chosen as the frame
preceding the complete breakage of a frost dendrite. The origin of the
coordinate system was placed at the point of contact of the jumping
icicle with the substrate or the mother frost.
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