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S1. Excluding bending-induced phase transitions

Pressure-induced phase transition in ice is a well-known effect, but it can be excluded in
our experiments, because the stress at the surface is too small compared to the energies involved
in the structural phase transitions of ice. To illustrate this, we have performed a finite element
simulation (COMSOL Multiphysics 5.3) using the same geometric parameters, material
properties, and mechanical boundary conditions of our experiments. Fig. S6 shows the
distribution of the in-plan stress o;; across the beam under the maximum force (2.5N) used in
our experiments. As expected, the beam experiences compression on one side and stretching
on the other side; and the maximum bending-induced stress at the surface is ~0.006GPa. This
is orders-of-magnitude smaller that the pressure needed to induce a phase transition to ice IX
(~0.2 GPa'*?) or amorphization (~1 Gpa®). Regarding pressure melting, ~0.005GPa only reduces
the melting point by ~0.4 K*.

S2. Analysis of the contribution from grain boundaries

While our samples are polycrystalline and grain boundaries are non-centrosymmetric, the
grain-boundary contribution to the total flexoelectric effect can be neglected, both on theoretical
and on experimental grounds. Theoretically, we must remember that at each grain boundary
there are two opposing surfaces, corresponding to the adjacent grains. These surfaces have
opposite orientation and, therefore, on average their surface-piezoelectric contributions will
cancel each other. As indirect evidence, the flexoelectricity of BaTiOz and SrTiO3 has been
studied in ceramics™® and single crystals’®, finding no significant difference of flexoelectric
coefficient, suggesting that the existence grain boundaries in ceramics does not significantly
affect the flexoelectric outcome. To provide direct experimental evidence for lack of grain
boundary contributions, we have performed new flexoelectric experiments with different grain
sizes, achieved by annealing the sample for different durations at 267 K, during which ice grains
recrystallized and changed grain sizes (Fig. S7a~c). All flexoelectric measurements at 233K
fell into comparable range (Fig. S7d), and no conclusive effect of grain size on ice

flexoelectricity was observed.

S3. Ab initio calculation of the piezoelectric constant of ice XI

The unit cell for this calculation is an ice XI unit cell with 4 water molecules. The exchange-
correlation functional is VDW/DRSLL. The lattice vectors have the following form:
[0,a,0], [a\/§ /2,a/2, O], [0, 0, c] with lattice parameters a and c. First, we adjust ¢ with a fixed

lattice constant, a, and run a SIESTA calculation that allows the “out-of-plane” H atoms to



relax. We then determine the most energetically favorable configuration and repeat this for
several values of a (Fig. S10a). Mulliken charges for each atom in the system are computed by
SIESTA®!?, and we use them to calculate the polarization in the c-direction. Finally, we plot
the polarization as a function of the strain on the lattice constant (Fig. S10b). The slope of this

plot is the transverse piezoelectric constant e;5, which was found to be 0.32 C/m?.

S4. Surface piezoelectricity
Fig. 3a schematically shows how surface ferroelectricity can contribute to effective

flexoelectricity. In a dielectric sample with polar skin layers at the surface, the surface-

piezoelectric contribution to the total effective flexoelectricity is'!!2
eff _ _surf hep
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where els;fr is the transverse surface piezoelectric constant,A and % are the thickness of the

skin layer and the bulk, &; and ¢, are the dielectric constant of the skin layer and the bulk

respectively. When A is much thinner than £ (% « 1), equation (S1) can be simplified as

uy = ey a2 (82)

By subtracting the bulk contribution from the measured flexoelectric peak (~7.6 nC/m), we

can obtain a surface-contributed ugf of ~6.5 nC/m in Au-electrodes samples. elsg 7032
C/m? is obtained in Section 3 by ab initio calculations. We assume that the dielectric constant

of the skin layer is similar to that of the bulk, i.e., &,/¢;=1. Substituting these parameters in
equation (S2), we estimate the skin-layer thickness A at Au/ice interface to be ~20.3 nm. The
surface-contributed uff;f in Pt-electrodes samples is ~10 nC/m, leading to a skin layer
thickness A at Pt/ice interface of ~31.3 nm.

According to equation (S2), the effective flexoelectric coefficient only depends on the
thickness of the skin layer A, and is independent from the bulk sample thickness h. As

demonstrated in previous works!>!4

, the flexoelectric coefficient can only be proportional to
sample thickness when the samples are semiconductors with Schottky junctions, which is not
the case for ice. The independence on bulk thickness may seem counter-intuitive for a claimed
surface property, but it is in fact reasonable. When a beam is bent with a given curvature,
increasing sample thickness linearly reduces the surface/volume ratio but, at the same time,
linearly increases the surface strain. The two opposite dependencies mutually cancel, resulting

in no bulk thickness dependence. This conclusion has been affirmed in the theoretical



11,12

literature’ '~ and is backed by our own flexoelectric measurements for samples with different

thicknesses (from 1mm to 2mm), as shown in Fig. S11 below.

SS5. Ab initio calculation of relative energy between ice-metal interface

A. Cohesive energy calculations at T=0.

Simulating these systems and being able to compare them is not trivial due to the polar
nature of the ice XI phase. The limitations on the size of the system that can be computationally
accessible poses a general problem when studying water or ice interfacial properties using ab
initio simulations. In the case of'ice XI, two different options to study the interface are presented
in Fig. S12. These are non-ideal.

(a) two different interfaces with the metal are computed in one calculation. One with the
protons facing the metal (positive end of the polarized slab), and one with the O atoms facing
the metal (negative end of the slab). The polarization is screened by the metal, but it is difficult
to separate the contributions from the two interfaces. Alternatively, it is possible to create a
proton ordered slab with symmetric interfaces as in

(b) both interfaces with the presumed favorable H-Metal interface. To achieve this, one
needs to create a layer of H-bond defects in the middle of the slab. These water molecules do
not completely satisfy Bernal-Fowler—Pauling ice rules (There is always a proton in between
each pair of oxygen atoms and each oxygen always keeps two close, covalently bound protons).

When comparing these structures to a proton disordered system (which always has, by
definition, symmetric interfaces), the proton disordered system will always be more stable.
Hence it is necessary to account for the defect formation energy, and this makes the calculation
much more complicated. We can calculate the cohesive energy per water molecule with the
following equation:

Econesive/H,0 = Eice/Metal = E(1ce-H,0)/Metal — En,0 (S3)
with the subscripts denoting which species are included in the calculation. In the second term,
we remove a single water molecule from the surface layer of the ice. The unit cell and all
other simulation parameters remain the same.

This calculation is done for system (b) and a similar system (c) with ice Ih instead of ice
XI. The difference in cohesive energy for these two systems is 233 meV, with system (b) being
more favorable. We also do this calculation for bulk ice XI and bulk ice Ih without the Au slab.
The difference in cohesive energy for these two systems is 93 meV, with the bulk ice XI system
being more favorable. We conclude from this that the Au interface creates an enhanced stability

(AEgyrface) of 140 meV. As the number of ice bilayers increases, we anticipate this enhanced
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stability will be proportional to the surface-to-volume ratio. From our previous work'”, we have
shown that the bulk limit for the relative energy per water molecule between ice XI and ice Th

is 3.68 meV. The final energy calculation at 0 K is as follows:

AE urrace
ERelatlve/H 0~ —surface _ 3 68 meV (S4)

NBilayers

We can perform a similar analysis with a Pt slab. As shown in the previous section, we
expect the skin layer thickness to be much larger with Pt electrodes, thus the stability of the
proton ordered interface should be enhanced by much more than 140 meV. In this case, it is
more straightforward to use the fully ferroelectric system shown in Fig.S12a to determine the
difference in stability between the ice XI-Au(111) and ice XI-Pt(111) interfaces. Near the center
of the ice XI slab, the Pt system is favored by 38 meV. This increases to 205 meV at the
interface, implying a surface enhancement of 167 meV. Adding this to the previously discussed
enhanced stability in Au of 140 meV, we find that the proton ordered (XI) interface with Pt has
an enhanced stability (AEgy;fqce) 0f 307 meV relative to the proton disordered (Ih) interface
with Pt.

B. Free energy differences versus Temperature.

The treatment of nuclear quantum effects will be summarized here and is described in full
detail in our previous work!>. We define ¥y to be the volume that minimizes the Born-
Oppenheimer energy, Eo(}). We can expand this energy in a Taylor series for small

perturbations from V5.
Eo(V) = E;(Vp) + (V Vo)? (S5)
The phonon frequencies can also be expanded in this way.

ok (V) = 0Wo) (1 - v 52) (S6)

In these expansions, Bo is the dominant part of the bulk modulus with vibrational

corrections removed. yx are the mode Griineisen parameters, defined as

_ _a(lnwk) _ Voo
Ve = anv) o V' (87)
We calculate the phonon frequencies, wk, at three different volumes and calculate its
volume dependence to linear order. This adds a volume dependence to the Helmholtz free

energy F(V,T)'® of independent harmonic oscillators.

[ﬁwk(V)

F(V,T) = Eo(V) + Yk + kpTIn(1 — e-ﬁwk(‘”/kBT)] TSy  (S8)

The sum is over both phonon branches and phonon wave vectors within the Brillouin zone.

The entropy of the proton disorder, Su, is included in the last term of the free energy
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equation. This entropy is zero for ice XI (proton-ordered ice). Pauli has estimated that the
entropy for ice Ih (proton-disordered ice) is NkzIn(3/2), which was obtained theoretically'’ and
experimentally'®!?.

We can find the classical limit of the free energy by taking the high-temperature limit of

(S8).

F(V,T) = Eg(V) + i (kg Tin {%}) — TS, (S9)

In Fig 4c of the manuscript, we show the free energies of bulk ice Th and bulk ice XI as a
function of temperature. The difference between these two free energies should match the
enhanced stability described in the previous section at the transition temperature.

AFx1-my/;,0 (Te) = ~(ERelative/m,o + 3-68 meV) (S10)

The skin layer thickness, /, can be found from the number of bilayers with the conversion

factor 0.3615 nm / 1 bilayer. After combining (S4) and (S10), we are left with the following

equation:

AEsyrface - 0.3615 nm

h(Te) = (SIT)

AF (x1-1n)/H,0 (Tc)
Substituting the experimentally obtained phase-transition temperatures into equation
(S11), we find h to be 14.6 nm for Au and 34.6 nm for Pt, in reasonable agreement with the

experimentally estimated h of 20.3nm for Au and 31.3nm for Pt in Section4.

S6. The source of free charge and its characteristic time
The most promising candidate of the transferred charge species in ice charging problem is
considered to be the mobile ions (H", OH", and other impurities) in the quasi-liquid layers (QLL)

on ice surfaces?*2. The existence of a QLL with thickness of 1~100 nm on the surface of ice

24-29 20,30,31

has been verified by many techniques and summarized by authoritative review articles
Our own data also indicates the appearance of QLL above 248K (Fig. S4). Below we list some
consequences of the existence of QLL layers on the electrical properties of ice surface.

The ionic charge density in QLL has been determined to be in the range of 10~~10 C/m?
by synchrotron X-radiation®’, scanning force microscopy®’, and molecular dynamic
calculations®*. This charge density is sufficient to compensate for our calculated flexoelectric
polarization (10°~10* C/m?). In addition, a volta-effect measurement® confirms that the
appearance of the QLL above 243K alters the ice surface potential by ~100mV, which indicates
the change in charge density at the surface and is indeed comparable with the zeta potential of
the ice/water interface®®3’. The mobility of surface charge carriers of ice is reported, despite the

large discrepancies between Hall-effect measurements®® (~3x 10 m?/Vs) and field effect
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transistor measurements®® (~3x 107 m?Vs), to be larger than that in bulk ice. Also, direct

39-41

electrical measurements***! show the surface conductance of ice to be 1071'~10° Q!. Assuming

a moderate QLL thickness of 10nm>!*?, the surface conductivity of ice can be estimated to be
10°~10"! S/m, orders of magnitude higher than that of bulk ice*’. The abundant literature on the
matter thus provides overwhelming evidence that ice particles are coated with a QLL that
contains mobile charges capable of responding to electric fields.

The next question is whether the electrical relaxation time 7, of QLL is comparable with
mechanical contact time, t,,. In particular, if 7, > t,,, the free charge will not have time to
flow to the contact area within the timescale of the induced deformation, so for our model to be
feasible it is necessary that 7, < 7,,.

Typical T,, is in the range of 107~107 s, depending on the particle size and impact

velocities**+

, which can also be directly calculated from Hertzian mechanics*®. Meanwhile,
T, can be estimated as the Maxwell relaxation time*’ (RC constant) 7, =¢,.&y/0, where &, and
o are the dielectric constant and surface conductivity of ice. Adopting &, of 100 (Table S1)
and ¢ of 10°~10"! S/m (last paragraph), we can estimate T, in a range of 108~10°s. This, of
course, is a back-of-envelope estimation. A more rigorous theoretical treatment*® estimated a
characterization time of 1.4 ps. The condition 7, <1, is therefore met, indicating the
plausibility of QLL as a source for screening charge. However, we cannot exclude other
possible sources of charge species (see S11). More generally, the nature and origin of charge

species remains an unresolved issue in the triboelectric community**->°,

S7. Alternative explanations for ice charging mechanisms

1) Workman-Reynolds freezing potential. The process of freezing dilute aqueous solutions

can lead to charge separation due to unequaled incorporation of solute ions into ice lattice,
suggested to contribute to the contact electrification (CE) between ice particles and supercooled
water droplets®’*2. Such freezing potential, however, is found to develop very slowly and
cannot explain the significant CE with short contact time in thunderstorms>>->*,

2) External electric field. Although the presence of an external electric field facilitates the CE

of ice®>°

, there is plenty of evidence showing that the CE of ice can also occur in the absence
of such a field**7-%. Also, invoking external electric fields requires answering the question of

where they come from.



3) Temperature difference. The thermoelectric effect has been used to explain the CE of ice

under a temperature difference AT between two contact bodies®®*®. However, many studies
have reported results that contradict this explanation, including the observed CE of ice in the
absence of AT or the observed CE in the presence of AT but with a charge-transfer direction
opposite to the theoretical prediction’’->3:62:64,

4) Surface ion concentration difference. This is the most popular explanation so far for the CE

of ice?®33%% It suggests that if ice and graupel particles are both grown from vapor and with
different growth rates, the two surfaces would process different charge densities in the QLL
that drives ion diffusion (transfer) during contact?>>3%%%71 However, the CE of ice has also
been observed when both ice and graupel were grown from freezing droplets instead of
vapor>61:6264.72 Tp Jine with this, this explanation has clear shortcomings, and C.P.R. Saunders,
one of its inventors®, commented® “it offers no ability to quantitatively predict the magnitude
of charge transferred during ice particle collisions, nor insight into explicit physical,
microscopic charge transfer processes”.

5) Mechanochemistry. It is not surprising that the contact between two surfaces can involve

the breaking/formation of chemical bonds, exposure of new surfaces, and exchange of mass.

These processes, when equipped with a certain difference between two contact bodies, have

been proposed to explain ice charging. For example, fractures + temperature difference®”-’>,

contact sintering + surface ion concentration difference**, collisional melting + mass transfer +

23,74

surface ion concentration difference™’", pressure melting + mass transfer + geometric shape

difference’”>’®.

However, it is challenging to quantitatively evaluate the role of
mechanochemistry in the CE, given the enormous uncertainties involved.

A more complete list can be found in review articles?>**. The common message of these
studies is that the understanding of the CE of ice is complex and far from complete. It can
involve different physical mechanisms that can co-exist and interact in subtle ways, which may
explain why it remains unsolved till now as one of the earliest scientific problems of all time.
As C.PR. Saunders, an expert intensively working on the ice charging problem3-%6,
commented recently’! that “meaningful forecasts of storm electrical evolution and lightning
properties are not currently possible because there remains poor understanding of the
fundamental physics of the underlying mechanisms that account for cloud charging and the

d*%% also

complex charge distributions observed.” Rohan Jayaratne, another expert in the fiel
pointed out that very recently*® that “these various hypotheses have been found to be
inconsistent with the experimental evidence when subjected to careful scrutiny, and a new

direction of approach to understanding the microphysical charging mechanism is necessary”.
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It is not our intention to claim ice flexoelectricity as the new direction of approach that will put
an end to such a long-standing debate, but to show that its contribution to the CE of ice cannot
be ignored, since it is conceptually inevitable (flexoelectricity is generated in any

inhomogeneous deformation), and quantitatively relevant.

S8. Calculation of flexoelectric polarization and field

Flexoelectric polarization is defined as’”-"8

a&kl

P nuljkl ax (SIZ)

where ;i 1s the fourth-rank tensor of flexoelectric coefficients, P; is the electric
polarization, & is the strain tensor, and x; is the position coordinate. We consider three
components of w;ji; (longitudinal pqq14, transversal pqq15,, and shear p51,) in our

calculations, which can be rewritten in the Voigt notation as py1, W12, and Uy, respectively.

The polarization field in Cartesian coordinates can be written as’*
a‘Exx aé‘yy EZZ aé‘xz
P = gy == — 2
x = M1 + t12( Ox )+ 44( 57 )
0Exx a 2z Jey 0&yy
Py =y 22+ iy (2 4 %22 4 20, (2 + 222 (S13)
de oe de oe de
P, = p1q azz ﬂ12( =+ (')_Zy) + 2#44(6_;2 + a;Z)

Since it is not possible to measure separately each of the tensor components, assumptions

are needed to determine these components from the measured ,uef T and their relationships.

The ,uf3 measured in a standard bending method is linked to u;; and py, by”’ ,uf];f

—vq1 + (1 —v) pq,, where v is the Poisson’s ratio (0.325, Table S1). In parallel, for isotropic

solids, pu4 is linked to py; and py, by pyip = (Uyq — Hasa)/2. Assuming pqq = pq,, We
have W11 = Uy = —Uys = ,ulegf/(l 2v) = 2. 86,ueff Then we can obtain the flexoelectric
polarization from equation (S13) using the calculated strain gradients (see the next section).
Flexoelectric polarization creates depolarization field that opposes to it, which in isotropic

solids (relative permittivity &, is a constant) is given by’”’8

= =P /éoér, Ey = _Py/’fo’fr: E, = —F,/¢oér (S14)

S9. Calculation of flexoelectricity in ice-graupel collisions
The classical Hertzian theory of contact mechanics has been widely used to estimate the

strain distributions and the associated flexoelectricity in contact problems®?4. The Hertzian
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solution of static contact can also apply to impact problem of two elastic spheres with each

body treated as an elastic half-space*®. The maximum effective impact force is given by*®

=t (222 19

where Y*, R*, and m* are the effective Young’s modulus, effective radius, effective mass of
the impact, v, is the relative velocity of two contact bodies (ice and graupel particle). These

effective properties are given by®

1 1-v%2 | 1-vg2 1 101 1 1 1
ot D L1, a1 (516)
Y Y Yy R R; Ry™ m m; my

where Y;,and Y,, R; and R;, m; and my, v; and v, are Young’s modulus, radius, mass,

and Poisson’s ratio of the ice and graupel particles respectively. Y; and v; are easily
accessible in the literature* (Table S1). Y, and v, are less so. Given graupel particles are

3 53,69,86-89

most parameterized as “medium density” of 400~500 kg/m , and based on the density-

modulus relationship*®, we assume a representative modulus for Y, of 1 GPa (Table S1). Still,
the dependence of the results on Y, has also been studied as we will see later (Fig. S13d). On
the other hand, we could not find a representative value for vy, so we assume v, =v; =v.In
parallel, considering that R; is often orders of magnitude smaller than Rg43’53, the last two
formulas in (S16) can be simplified as R* = R; and m" =m; = %anf, where p is the
density of ice (Table S1).

Under load F*, the contact radius a and mean pressure P, on the contact surface can be

expressed as®

a="[3 P, = (S17)

The stress fields of the semi-space beneath the contact region of a spherical indenter in

cylindrical coordinates are given by®

_ 3P (1-2va? z\3 z\3 a*u z 1 a
O_rr_T{ 3 12 1_(ﬁ) ]+(ﬁ) u2+a222+ﬁ[ a+u+(1+v)_tan ﬁ_z]} (SIS)

3Py, (1-2v a? \/ﬂ n-12
00 == {55 [1- (3) ]+ & ( pean ) ©9
3P ((2\3 a?u
Ozz = —T{(Ta) uz+azzz} (520)
_ 3Py rz? a’u
Orz = _T(u2+a222) (a2+u) (S21)

where u is the displacement of points on the contact surface, and can be expressed as

u= %[(rz +22—a?) + \/(rz +22—a?)? + 4a222] (S22)
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Note that the above stress fields are symmetric in two contact bodies, but strain fields are
not because of their different Young’s modulus. The strain fields beneath the contact region in

cylindrical coordinates can be expressed by the isotropic Hooke’s law

g _1 L =10

Err = g [O-rr - V(O'GB + O-ZZ)]’ 871‘7’ - ?gigrr

g 1 i _Y g
Egp = E [O'yy - V(Grr + Gzz)]’ €00 = y_l.geg (823)

g _1 =99

&7 = g [GZZ - V(O-rr + 0-99)]3 géZ - 7gi£ZZ

1+v i Y
fz = ?Urzo 811”2 = Y_gggz

According to equation (S13) and the axial symmetry in this problem, the vertical
polarization beneath the contact region can be written in cylindrical coordinates as

asgz
0z

PP =y L g (4 200y 4 2, 25 P =Bp9 (s24)

Combining equations (S15) to (S24) and adopting typical parameters in ice-graupel
collisions (Table S1), we can compute the distributions of the flexoelectric polarization beneath
the contact interface in two bodies analytically. Because the graupel particle is softer, it
experiences larger deformation and generates larger polarization (P,) than that of ice particle
(P}). Fig. 5a shows the flexoelectric polarization in a specific case with v,=8 m/s and R;=50
um, with the corresponding depolarization field (using equation (S14)) shown in Fig. S13a.
Note that Hertzian analytic solutions are not adequate to show the actual deformation, we
instead use finite element simulation (see next section for details) to plot Fig. 5a and Fig. S13a

for schematic illustration. Integrating the net interfacial polarization (P, = P — P}) over the

contact interface, we can estimate the upper bound of flexoelectric-driven transferred charge
a Y, a
Q= [, B2nrdr= (1~ Y—i) Jy B 2mrdr (S25)

We can further rewrite this equation in a more explicit form based on dimensional analysis.

The stress o0;; in equations (S18)~(S21) can be expressed by a change of variables as

r Z . . . . . . . .
B,.o;i(=,=,v), where v is Poisson’s ratio and ¢;; is a dimensionless function. The strain of
m¥ij\ ij
. . P, r z .
graupel si’} in equation (S23) can then be expressed as Y—:d)i j (E’Z’V)’ where 1;; is another

dimensionless function. The polarization of graupel P’ in equation (S24) inherits the same

scaling of eg’} but acquires additional factors of ,ulef;f (see section 8 for the relationship

between ugf and p;;) and % through differential. With this, and setting z = 0 (at the
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#13 [P,

ary (p(— v), where ¢ is another dimensionless function.

interface), we can write P/ as
Let t = 2, the integral part in equation (S25) can be written as
f BI2mr dr = ¥ 5 (y) (S26)

where the defined function a(v) is equal to 27 f o te(t,v) dt. This term absorbs the surface

integration, only depends on Poisson’s ratio, and remains the only term that requires

numerical calculations. Substituting equation (S15)~(S17) into equation (S26), we have

2

2V, 5 a)
3

f PY2nr dr ~ 0.73352 uSfiR; vrSpS (S27)

(Yi+Yg)5 (1— vz)s
We plot the value of a(v) against v in Fig. S13b. In the specific case here in which
v = 0.325, we have a(0.325) =~19.744. Substituting this value into equation (S27) and then
back to equation (S25), we obtain

4 2 L
Q ~ 15.486,5R,v,5ps — 10—
(YL"|'Yg)§(YiYg)g

(S28)
This equation shows that @ =0 when Y; = Y;: the existence of nonzero flexoelectric
charge (in Hertzian contact approximation) hinges on the Young’s modulus of the graupel and

ice particle being unequal, as illustrated by the plot of Q@ against Y,/Y; in Fig. S13c.
Equations (S25) ~ (S28) should be applicable to the contact charging in other material
systems. When doing so, please note that the current formulation assumes identical Poisson’s
ratio v and effective flexoelectric coefficient S for two contact bodies. Modifications
may be required, particularly when dealing with chemically different materials (e.g., u$f = 0

for metals).

S10. Details of the comparison between theory and literature experiments
We compare the calculated Q@ with some experimentally reported Q in each ice-graupel
collision event®’6163¢4 " Given that the used R; and v, often varies simultaneously among

4
these studies, and considering the proportional relationship of Q « R;v,s indicated by

4
equation (S27), we look at the dependence of Q on R;v,s inthe comparison. The temperature

range in these experiments®’61:63:64

are generally within 243K~273K, with graupels being
negatively charged at colder regions while positively charged at warmer regions, the specific
temperatures used were different. Considering this, and the electrode-sensitive anomaly of

flexoelectricity near the melting point, we chose to use a conservative /,Lgf (1.14 nC/m), the
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mean value obtained between 203~248K, in the theory and compare the theoretical result with

the experimental @ in the negative charging regime for graupels. This is also consistent with

the schematic illustration in Fig. 5a. Below we list the details of extracting the literature data.

Note that our wording from now on no longer emphasize the sign of Q but refer only to its

absolute values, considering the same polarity shared by these data, i.e., negative charge

acquired by graupels. Also note that some of these experiments were performed under different

environmental water content that also affects the @, but we currently are not able to involve

this extra variable in our analysis.

1.

1980 Gaskell et al’’. represented by purple triangle symbols in Fig. 5c. Gaskell

systematically studied the v, dependence of Q when R; = 50um and R; dependence of
Q when v, = 8m/s in the negative charging regime of graupels. We extract the first
dataset from Figure 3 that showed “histograms of the charges transferred to the hailstone
for each velocity of impact of the 100um diameter ice spheres” and obtained the weighed
mean and standard deviation of Q under different v, but the same R;. We extract the
second dataset of R; and Q from Figure 4 that showed “average charge (Q) transferred
to the hailstone for each diameter of the ice spheres colliding at a velocity of 8 m s™”” and
obtained the mean of Q under different R; butthe same v,. The uncertainty of the second
dataset was not accessible in Gaskell’s paper, but instead in Figure 6.7 of Gaskell’s thesis®.

1983 Jayaratne et al®®, represented by orange sphere symbols in Fig. 5¢. We took two

datasets. In the first one, R;, v, and Q are all described in this sentence on page 621: “A¢
a flow speed of 9.8ms™ with the target and cloud in thermal equilibrium, the mean charge
acquired by the target per rebounding crystal of size 30um at a temperature of about -10
°C, assuming an event probability of 0.2, was -0.25 fC.” The second dataset was the negative
rime charging datapoints at -21°C in Figure 8, which reported the R; dependence of Q
when v, =2.8 m/s. Note that the data points in Figure 8 were revised by the same author,
based on more accurate estimations of collision probability, in a later paper’!, from which

we extract the revised data points (solid sphere symbols in Figure 13a).

1989 Keith et al*’, represented by green triangle symbols in Fig. 5c. The experimental v,
R; and Q are described in the following words on page 57: “The rod speed was 3.2 m s™!
which is consistent with that of previous workers and with the fall speed of a hailstone in a
thunder cloud”; “The charge per crystal separation event at the reference stage, as denoted
by the arrow, is 1.8 fC for 90 um diameter crystals and a liquid water content of 0.30 gm
3 “The charge per event at the reference stage for a 100 um crystal was 1.9 fC for a liquid
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water content of 0.5 gm™.”; “The charge per event at the reference stage for a 65 um crystal

was 0.3 fC for a liquid water content of 0.6 gm™.”

1991 Caranti et al%’, represented by yellow triangle symbols in Fig. 5c. The experimental
R; and v, are described in the caption of Fig. 1: “Particle diameter is 100 um and air
velocity is 8 m/s”. The extraction of @ must be very careful because this paper investigated
the dependence of Q on the temperature difference AT between ice and graupel (see #3
in section7), manifested in the significantly high Q in the bottom graph in Figure 2 when
AT=7°C. Such an additional variable is absent in other literature experiments and in our
model, we therefore chose to only extract the histogram data corresponding to AT = 0, i.e.,
the top graph in Fig.2. After excluding two extreme values at both ends with low probability,
we obtained the weighted mean of 23.03 fC and standard deviation of 19.38 fC.

1994 Avila et al®', represented by red square symbols in Fig. Sc. The experimental R; and

v, are described in the abstract: “A4 cylinder growing by riming in a wind tunnel was used
as target for collisions at 5 m s~ with ice spheres of 100 um in diameter in a wide range of
temperatures.” In the reported charge histograms in Figure 3 and Figure 4, only the first
graph (at -24°C) in Figure 3 corresponds to the negative charging of graupel. After excluding
two extreme values at both ends with low probability, we obtained the weighted mean of
20.64 fC and standard deviation of 17.90 fC.

. 2002 Pereyra et al®*, represented by blue diamond symbols in Fig. 5¢. The experimental v,

are described in the abstract: “The measurements were performed with an impact velocity
of 8.5 m 5. Also in the abstract, the author found that “the artificial graupel charges
positively for temperatures above -12°C and negatively for temperatures below -14°C.” We
therefore extract the R; from the bottom graph (-20°C~-15°C) of Figure 3, finding a
weighed mean of 13.41 um and standard deviation of 6.61 um. By the same token, we
extract the @ from the only five graphs in Figure 5 that were measured below -14°C (total
sample size n=305, see their Table 1), finding a weighed mean of 8.47 fC and standard
deviation of 18.31 {C.

. 2020 Luque et al®, represented by the grey shadow in Fig. 5c. The authors put that “The

simulated graupel charges negatively for temperatures below —15 °C, and positively at
temperatures above —15 °C.” and “the average charge transferred per collision between
—1 and —3 fC in the negative charging regime”. The experimental v, was described in the
abstract: “ambient temperatures between —5 and —30 °C and at air speed of 11 m s~. The

experimental R; was listed by six histograms in their Fig. 2. We added up four R; panels
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in the negative charging regime (—17°C, —21°C, —26°C, —30°C), finding a weighed mean
of 12.33 um and a standard deviation of 5.35 um.

S11. Finite element simulation

To show the actual deformation of ice-graupel collision in Fig. 5b and Fig.13a, the finite
element simulation is performed in COMSOL Multiphysics 6.0 in the Solid Mechanics module.
Linear elasticity is assumed, and axisymmetric configuration is adopted. Material, geometric,
and load parameters are the same as the previous section. As shown in Fig. 14, the ice particle
is modelled as a half sphere and the graupel particle is modelled as a cuboid to represent an
effectively infinite radius of curvature. We define the ice—graupel interface as a contact pair,
with the graupel’s top surface set as the destination and the ice’s bottom surface as the source.
A total force F*, from equation (S15), is applied on the ice’s upper surface, where a spring
foundation is also imposed for helping convergence. The augmented Lagrangian approach with
separated solutions is used to model contact, with an initial contact pressure of 10 MPa. Refined
quadrilateral elements are used near the contact zone, while the remainder in the model was
discretized using coarser triangular elements. On top of this, the destination boundary (graupel
surface) is meshed finer than the source boundary (ice surface) by a factor of two. The
calculated strain fields are then fed to equation (S24) for the polarization fields (Fig. 5b) and
then to equation (S14) for depolarization fields (Fig.13a).

S12. Some things we do not know

Flexoelectricity, ice (surface), and triboelectricity are already complex subjects in their
own, and their combination only exacerbates the complexity. Below we list some of the
simplifications and neglected factors we have assumed to make our formulation tractable within
the scope of this article. Each of them may affect the electrical and mechanical dynamics during
the contact and eventually amplify (or diminish) the final share of flexoelectricity. Cooperative
efforts from different communities will likely be needed to complete the picture and fully

determine the role of flexoelectricity in the ice charging problem.

1. Linear elasticity is assumed. In reality, the collision may involve anelastic losses, plasticity
and fractures, and new defects can be generated. See references’** for how dislocations
and fractures influence flexoelectricity.

2. Perfect sphere shapes and smooth surfaces are assumed. In reality, ice and graupel particles

95,96

do not have to be spherical and certainly contain asperities on surfaces. See references

for how indenter shape and surface roughness influence flexoelectricity.
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The graupel particle is treated as continuum body. In reality, graupel particles are porous
and have complex microstructures. See references’’ %! for how porous microstructures
influence flexoelectricity.

Collinear impact and frictionless contact are assumed. In reality, oblique impact can take
place and friction can be involved. See references”'%%!% for how friction affects
flexoelectricity and vice versa'®,

The flexoelectric coefficient was measured with electrodes that are not involved in ice-
graupel collisions. Its potential influence is minimized by adopting the most conservative
flexoelectric coefficient (1.14 nC/m) in our calculation. Future development in electrode-
free techniques for quantifying flexoelectricity may provide a more accurate reference.
The flexoelectric coefficient was measured at a quasi-static regime (10~17 Hz), but the ice-
graupel collision time is typically 10°~107 s. High frequencies, unfortunately, are
unavailable in standard bending setups (including ours) for measuring flexoelectricity,
limited by the mechanical resonances within DMA. Such resonance limitations may be
mitigated when experiments are performed in actuating mode (inverse/converse
flexoelectricity). See references'®!% for how inverse/converse flexoelectricity may be
measured.

The components of flexoelectric tensors are not individually resolved yet. The effective
flexoelectric coefficient we measured is necessarily a combination of different components.
Resolving individual tensor components remains a long-standing challenge in the

community. Still, future experiments on single crystals with different orientations’!1°

111,112

and/or experiments in truncated pyramid configuration may help, although it has to be

noted that deformation experiments alone have been mathematically proven to be incapable
of providing the full independent set of tensorial components''°.
Hydrodynamics of quasi-liquid layers (QLL) is not considered. The QLL on ice surfaces is

113,114 "and even non-Newtonian under certain

ultra-viscous, especially within the inner layer
conditions!!>!'®_ It may deform or rupture during collisions and affect (presumably lower)
the contact dynamics. Fluid dynamics is already complex on its own, the dynamics of a
QLL with a gradient of viscosity are beyond our capabilities — or even comprehension.

The origin and nature of the charge species are not determined. Although QLL is considered
as the most promising candidate to provide transferred charge (Section 6), it is not an
unequivocal conclusion, and other sources may also be at play, such as the pressure-melted

liquid (discussed next) and protonic defects in ice lattices**.
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10. Contact-induced phase transition is not considered. The contact pressure on the surface in

11.

Fig. 5b is 80 MPa, which in theory reduces the melting point by 6K at ambient pressure.
Larger kinetic energy would have a bigger effect. There are debates on whether such process
practically occur and contribute to ice charging?®!'”-!!8. There are also opposing theory
arguing instead sintering of QLL on ice surface that participates in ice charging**. We have
no clue how to examine the influence.

Impurities are not considered. Ice in nature is not pure, and impurity ions are known to

40,119

modify the surface properties of ice and (perhaps consequently) affect the contact

electrification of ice®®. In addition, flexoelectricity is also dependent on impurity levels!*!?°,
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—

Fig. S3. Experimental setup, consisting of a dynamic mechanical analyzer (DMA) with temperature

function, a charge amplifier, and an oscilloscope
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Fig. S14. Finite element model
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Y; (GPa) Y, (GPa) V=YV, p (kg/m3)

9.3343 14353 0.325% 916.7%
¢ pf @mCm) Ry (pm) v, (m/s)
100% 1.14 50 0~22

Table S1. Parameters used in theoretical calculations. The velocity v, is varied within 0~22
m/s for Fig. Sc, and is fixed at 8 m/s—the condition used in Gaskell’s experiments (see

Section S10)—for Fig. 5b and Fig. S13a~c. In Fig. S13b and S13c, the parameters v and Yj

are varied respectively while all other parameters remain constant described here.
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