
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
de

ce
m

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

8-
1-

20
26

 0
6:

32
:1

0.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The molecular sc
aFinnish Meteorological Institute, FI-00101 H

fmi.
bLaboratory of Atmospheric Processes and t

Fédérale de Lausanne, Lausanne, Switzerla

ch
cInstitute of Chemical Engineering Sciences,

Hellas (FORTH/ICE-HT), 26504 Patras, Gre
dDepartment of Applied Physics, University o

† Electronic supplementary informa
https://doi.org/10.1039/d3ea00140g

Cite this: Environ. Sci.: Atmos., 2024, 4,
243

Received 21st September 2023
Accepted 2nd December 2023

DOI: 10.1039/d3ea00140g

rsc.li/esatmospheres

© 2024 The Author(s). Published by
ale mechanism of deposition ice
nucleation on silver iodide†

Golnaz Roudsari, a Mária Lbadaoui-Darvas,*bc André Welti, a Athanasios Nenesbc

and Ari Laaksonenad

Heterogeneous ice nucleation is a ubiquitous process in the natural and built environment. Deposition ice

nucleation, i.e. heterogeneous ice nucleation that – according to the traditional view – occurs in

a subsaturated water vapor environment and in the absence of supercooled water on the solid, ice-

forming surface, is among the most important ice formation processes in high-altitude cirrus and mixed-

phase clouds. Despite its importance, very little is known about the mechanism of deposition ice

nucleation at the microscopic level. This study puts forward an adsorption-based mechanism for

deposition ice nucleation through results from a combination of atomistic simulations, experiments and

theoretical modelling. One of the most potent laboratory surrogates of ice nucleating particles, silver

iodide, is used as a substrate for the simulations. We find that water initially adsorbs in clusters which

merge and grow over time to form layers of supercooled water. Ice nucleation on silver iodide requires

at minimum the adsorption of 4 molecular layers of water. Guided by the simulations we propose the

following fundamental freezing steps: (1) Water molecules adsorb on the surface, forming nanodroplets.

(2) The supercooled water nanodroplets merge into a continuous multilayer when they grow to about 3

molecular layers thick. (3) The layer continues to grow until the critical thickness for freezing is reached.

(4) The critical ice cluster continues to grow.
Environmental signicance

Ice crystal formation on aerosol particles determines the optical and physical properties of cirrus and mixed-phase clouds, thereby inuencing both the
formation of precipitation and the effect of these clouds on the Earth's radiation budget. Deposition nucleation is one of the most frequent mechanisms for ice
formation in very cold, high-altitude clouds. Despite its importance, the microscopic details of the mechanism are still largely undetermined. In this study, we
investigate the mechanism on the surface of silver iodide in atomistic simulations and suggest several fundamental steps that constitute deposition ice
nucleation. Silver iodide aerosol is used worldwide for cloud seeding to inuence the formation of precipitation.
1 Introduction

Ice nucleation (IN) is a ubiquitous process. In clouds, ice
nucleation determines cloud microphysical properties that in
turn inuence cloud radiative properties and precipitation.1 IN
can take place homogeneously (below −36 °C),2 or heteroge-
neously, at higher temperatures or in subsaturated conditions
catalyzed by the presence of an IN active surface.3 The leading
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pathway of primary ice formation in mixed phase and cirrus
clouds and even clouds for which homogeneous freezing occurs
can be strongly inuenced by water vapor competition from IN.4

Heterogeneous ice nucleation occurs in three major modes:5–7

immersion, contact or deposition ice nucleation, depending on
the environment and surface properties.

One of the least well-understood among the above is depo-
sition ice nucleation, where according to the established
description ice nucleates from water vapor directly on solid
surfaces, without the presence of macroscopic amounts of
liquid water preceding ice formation.7 Deposition ice nucle-
ation has been studied experimentally on several natural
samples and model substrates, such as clay minerals, desert
dust, soot, bacteria, solid ammonium sulfate, and silver iodide
(AgI).8 The impacts of temperature, supersaturation8 and
particle size9 have been investigated. Despite all these efforts,
the mechanism of deposition ice nucleation has not been
established on a molecular level.10 One reason for this lack of
understanding is the limited spatial and temporal resolution of
Environ. Sci.: Atmos., 2024, 4, 243–251 | 243
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laboratory experiments that does not allow for direct investi-
gation of molecular scale surface properties that enhance or
suppress ice formation. Molecular simulations at atomistic or
coarse grained resolution have been successful in unraveling
the oen complex impact of surface properties on IN activity in
the immersion mode.3 A main player in determining the
formation of critical ice embryos (ice-like clusters from which
ice starts to grow) is the order and binding of water molecules to
the surface.11,12 The formation of critical embryos is affected by
the properties of the solid surface such as lattice match to ice,
hydrophobicity, roughness, defects, chemical impurities and
porosity of the ice nucleating particle surface. A large number of
molecular dynamics-based studies addressed the impact of
these properties on immersion freezing on surfaces like feld-
spar, carbon, kaolinite, AgI or model lattices.11,13–26 These
simulations revealed a connection between the formation of
subcritical ice clusters and the preordering of liquid water to the
kinetics of ice nucleation as well as to the formation of crys-
talline polymorphs.12,27,28 Most published simulation studies
were performed in immersion freezing mode implying the
presence of a macroscopic interface between the ice nucleating
surface and water, i.e. the surface is embedded in water.
Deposition ice nucleation – according to the current denition –

does not necessarily require the presence of such a macroscopic
interface, therefore one cannot draw direct conclusions on how
substrate properties promote ice nucleation in the deposition
mode from immersion freezing simulations. In turn, simu-
lating deposition ice nucleation at an atomistic scale is chal-
lenging for twomajor reasons: to model the interaction between
the vapor phase and a surface at a given water vapor pressure,
i.e., saturation, a specic concentration of molecules is
required, which is computationally only possible applying
Grand Canonical Monte Carlo (GCMC) simulations.29 However,
the onset of crystallization can be biased by the stochastic
acceptance criteria of the Monte Carlo method,29 and the time
evolution of ice growth cannot be followed using fully stochastic
sampling. Therefore, reliable crystallization can only be ach-
ieved if the movement of the molecules is deterministic and
driven by real dynamics and not by probabilistic sampling. To
tackle the above complexity, we adapted a hybrid Grand
Canonical Monte Carlo/Molecular Dynamics (GCMC/MD)
method which so far has only been used to study deposition
ice nucleation in a handful of very recent studies.25,26

Our model substrate is silver iodide (AgI), a conventionally
used cloud seeding agent and one of the best investigated
inorganic ice nucleating substances, as it has been recognized
as one of the most potent.30 Several experimental31,32 and
computer simulation studies19,33,34 have investigated ice nucle-
ation on AgI surfaces, but none of them related interfacial water
adsorption to the deposition IN activity of AgI. Deposition mode
ice nucleation on AgI has also been studied by environmental
scanning electron microscopy,35 proton spin resonance spec-
troscopy,36 and X-ray adsorption spectroscopy.37 X-ray adsorp-
tion spectroscopy indicated that the ratio of weak and strong
hydrogen bonds of adsorbed water on AgI resembles that of ice
much more than that of liquid water, but the complete mech-
anism of deposition ice nucleation has yet to be established.
244 | Environ. Sci.: Atmos., 2024, 4, 243–251
Developing such mechanistic understanding is crucial for the
long-needed modernization of the theoretical modeling
framework to describe heterogeneous ice nucleation for atmo-
spheric model simulations,26,38,39 which to date rely on the
almost the century-old classical nucleation theory, with known
signicant shortcomings.26,40 In this study, we use GCMC/MD
and MD simulations to investigate deposition ice nucleation
on AgI surfaces at the molecular level and we suggest
a comprehensive deposition ice nucleation mechanism based
on adsorption theory, which is consistent with experimental
data and model calculations.
2 Methods

To study the adsorption and freezing of water molecules on the
AgI surface, we performed a Grand Canonical Monte Carlo
(mVT)/molecular dynamics (GCMC/MD) simulation using the
LAMMPS program package.41 Additionally, MD simulations
were conducted under canonical ensemble (NVT) conditions to
study ice nucleation on the AgI surface with different water slab
thicknesses using GROMACS soware 2021.42,43 We employ the
all-atom TIP4P/Ice model44 in our study. This model has four
interaction sites with rigid geometry and successfully repro-
duces the properties of bulk liquid water. It accurately predicts
the melting point and coexistence curve between water and ice
I.45 The interactions between silver Ag+ and iodine I− ions and
TIP4P/Ice water molecules are described by a Hale and Kiefer
potential.46 Ions carry a point charge and interact with the
oxygen (O) atom of water using the Lennard–Jones potential,
with parameters 3Ag–O = 0.547 kcal mol−1, sAg–O = 3.17 Å, 3I–OW
= 0.622 kcal mol−1, sI–O = 3.34 Å for the Ag–O and I–O inter-
actions, respectively. Both GCMC/MD and MD simulations are
conducted using the charge of ± 0.6e.46 The electrostatic inter-
actions do not take polarization into account, since TIP4P/Ice
water also has rigid point charges.19 We assume that the AgI
surface is rigid with lattice constants a= 4.58 Å and c= 7.50 Å of
an ideal wurtzite crystal since (0001)-terminated AgI slabs have
intrinsic dipole moments, and none of these force elds results
in stable surfaces. The dimensions of periodic simulation cells
are 107.8682 Å × 102.126 Å × 220.0 Å.
2.1 Molecular dynamics (MD)

10 independent MD simulations are performed. For the atom-
istic MD simulations, the thicknesses of water slabs are 5, 10,
15, 20, 25, 30, 35 and 40 Å. The simulations are conducted at
constant temperatures of 213, 223, 233, 243, and 253 K using
the Nosé–Hoover thermostat.47 The simulation systems are
initially equilibrated at 298 K and subsequently cooled to reach
the desired target temperatures. The equations of motion are
integrated using the leapfrog algorithm with a time step of 2 fs.
The cut-off for Lennard-Jones and real space electrostatic
interactions is set to 8.5 Å. The PME method48 is used to
calculate long-range electrostatic interactions. The O–H bond
length and H–O–H angle of the water molecules are constrained
by using the LINCS algorithm.49 For the MD simulations, two
AgI slabs are positioned at 20 Å distance from each other in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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simulation cell such that they mirror each other in order to
eliminate spurious electric elds.
Fig. 1 Snapshots of atomistic MD simulations of TIP4P/Ice water on
AgI surface at T= 253 K and t = 60 ns. The thickness of the water slabs
is (a) 5, (b) 10, (c) 15, (d) 20, (e) 25, (f) 30, (g) 35 and (h) 40 Å. Ag+ and I−

ions are colored in silver and green, respectively. TIP4P/Ice molecules
are shown as red and white sticks and hydrogen bonds are shown as
dashed red lines.
2.2 Grand canonical Monte Carlo/molecular dynamics
(GCMC/MD)

Monte Carlo steps are used to model the addition and deletion
of molecules until two different target vapor pressures corre-
sponding to 6 or 60 kPa at 253 K are established. Classical
molecular dynamics is used to model atomic displacements. In
the GCMC/MD simulations, various ratios of Monte Carlo
insertion/deletion steps are attempted alongside a 0.5 fs inte-
gration time step in the classical molecular dynamics step. The
insertion/deletion step can be performed more efficiently by the
Continuous Fraction Component (CFC) Monte Carlo method.
Within moves of the CFC reaction, the insertion or deletion of
molecules is discretized. This is achieved by gradually activating
or deactivating their interactions with the rest of the system over
multiple Monte Carlo (MC) moves.50,51However, in this work, we
follow the same insertion/deletion method of David et al. and
Lbadaoui-Darvas et al.25,26

The MC/MD ratios tested are 500/100, 500/200, and 500/225,
all conducted for a vapor pressure of 60 kPa. The two latter
ratios speed up convergence and favor crystallization.26 For the
vapor pressure of 6 kPa, an MC/MD ratio of 5 is used. As for the
GCMC/MD simulations, the Lennard–Jones and electrostatic
interactions are handled just as with the MD simulations, but
the shake algorithm52 is used to constrain the O–H bond length
and H–O–H angle of the water molecules. The Nosé–Hoover47

thermostat is used to keep the temperature constant at 253 K.
Water molecules are added and deleted according to the
metropolis algorithm until a stable concentration is reached. In
the simulation cell, there are two empty spaces that are in
contact with a slab of AgI at the center of the simulation cell.
Unless otherwise stated, all simulation results discussed below
are for a vapor pressure of 60 kPa and an MC/MD ratio of 500/
225. Additional simulation results are reported in the ESI.†
Simulations are run at 60 kPa because the simulations
described above are poorly parallelizable and, thus very slow.
The increased pressure accelerated adsorption to see results
within a reasonable amount of wallclock time. The method of
using exaggerated pressures is an established way to enhance
pressure-related processes in molecular simulations.53
3 Results and discussion
3.1 Simulated ice growth on AgI at different temperatures

Simulations with water layers of varying thicknesses on the AgI
surface are conducted. The simulation results illustrated in
Fig. 1 show that a water slab with 5 Å thickness forms about one
and a half layers of water on the AgI surface during equilibra-
tion at 298 K. As can be seen in Fig. 1a, the rst layer completely
covers the AgI surface, while the second layer covers it partially.
For a water slab with a thickness of 10 Å, approximately two and
a half layers of water molecules are formed on the surface of AgI
(Fig. 1b), and nally, for water slabs larger than 15 Å, more than
three layers of water are observed on the AgI surface (Fig. 1c–h).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Simulations are conducted at different temperatures,
ranging from 213 to 253 K. The simulation time is 60 ns
allowing us to investigate the movement of water molecules on
the AgI surface. The number of ice layers on the AgI surface is
determined using the ice structure recognition algorithm LICH-
TEST.54 According to our observations, the formation of ice
clusters is hindered when the water thickness is small (i.e., less
than 10 Å). For instance, in systems with water slabs of 5 and 10
Å thicknesses (shown in Fig. 1a and b) only two hydration layers
with ice-like structures are formed. Similar results were previ-
ously reported24 for ice formation in slit and groove structures.
They demonstrated that slit and groove geometries, which
consist of only 4 layers of water, are not suitable for the
formation of ice structures.

To investigate if the embryos preferably form attached to or
some distance removed from the AgI (0001) surface,55 we
investigate the number of ice-like structures in the water slabs
at different distances from the AgI surface. Specically, the
water slabs are divided into layers with 5 Å thickness, and then
the ice-like structures present in each layer are determined. The
results are shown in Fig. 2 and in Tables S1–S8 in the ESI.† For
systems with smaller thicknesses (5 and 10 Å), we observe
a larger number of ice-like structures in the rst and second
hydration layers at lower temperatures, specically at 213 and
233 K, as illustrated in Fig. 2a and c. Ice number densities as
a function of temperature and distance from the AgI substrate
are reported in Fig. 2. Considerable ice cluster formation and
ice growth are observed only in the systems with thicker water
slabs, i.e., thicker than 15 Å. We observe that in these systems,
the number density of ice is larger in the vicinity of the substrate
and at higher temperatures, especially for simulations at 243
and 253 K which resulted in over 80% ice density in the rst 5 Å
above the AgI substrate. The hindered ice formation at lower
temperatures is a consequence of slow thermal motion
hindering the spatial rearrangements needed for crystallization
(Fig. 2c–h). More detailed results are provided in Tables S3–S8
in the ESI.†
Environ. Sci.: Atmos., 2024, 4, 243–251 | 245
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Fig. 2 The change in percentage of ice against the distance from the
AgI surface at five different temperatures. (a–h) show results for
different slab thicknesses indicated in the figure.

Fig. 3 Temporal evolution of water adsorption on AgI (0001) in (a)–(d)
4 parallel simulations. The adsorbate is segmented into layers, each
having a thickness of 5 Å. The vapor uptake is simulated at 253 K with P
= 60 kPa.

Table 1 Time until first layer adsorption, number of adsorbed water
molecules and their surface coverage percentage is reported for the
first (L1), second (L2), third (L3) and fourth (L4) layer at T = 253 K

Run Time (ps) N (L1) N (L2) N (L3) N (L4)

a 246 137 48 20 8
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The equilibrium MD simulations reveal two preconditions
for ice formation. First, the simulations suggest that in order to
observe ice nucleation, a minimum of four layers of water on the
AgI (0001) surface is required. This corresponds to a water slab
with a thickness of 20 Å. However, to achieve a proper layering
of water and to obtain the correct bulk water density, a slab of
water with a thickness of 25 Å is required. Second, our results
demonstrate a direct relationship between temperature and the
occurrence of ice structures. Specically, we observe that as
temperature increases, the number of ice structures also
increases. This observation holds true throughout the duration
of our simulation, highlighting the temperature-dependent
nature of ice formation, and indicating that at higher temper-
atures ice nucleation can be promoted at higher rates. We
attribute the lack of ice nucleation at low temperatures to slow
thermal motion hindering rearrangements needed for crystal-
lization to spread.
11.80% 4.10% 1.70% 0.70%
b 377 303 77 43 14

26.48% 6.73% 3.75% 1.22%
c 743 312 111 54 25

27.5% 9.72% 4.72% 2.20%
d 567 296 71 48 8

25.87% 6.20% 4.10% 0.70%
3.2 GCMC/MD simulations of water adsorption

Results of the GCMC/MD simulations provide detailed insights
into the role of water adsorption in the deposition mechanism.
We analyse our simulations using a practical approach that
246 | Environ. Sci.: Atmos., 2024, 4, 243–251
involves dividing the adsorbate into layers (5 Å) and monitoring
the increase in the number of water molecules in each layer over
time. Fig. 3 presents the temporal evolution of the number of
adsorbed water molecules in the rst four layers on the
AgI(0001) surface. To quantify the number of adsorbed water
molecules in each layer we record the time of rst-layer
adsorption, the quantity of adsorbed water molecules, and
their surface coverage (%) for the rst, second, third, and fourth
layers. The results are given in Table 1. We nd that successive
layers form approximately simultaneously across four parallel
simulations. We dene the time of layer formation as the
moment when the adsorbed layer shows continuous and
uniform growth. The formation of the rst layer is observed
aer 200, 305, 582, and 755 picoseconds (ps) in the four parallel
simulations. The formation time of layer 2 varies randomly
among the four realizations. It commences at the same simu-
lation time as layer 1 or slightly later, but well before layer 1 is
saturated. In Fig. 3a, a second layer initiates to form with
a smaller number of adsorbed water molecules at the same time
as the rst layer. Once layer 1 contains 247 water molecules,
corresponding to roughly 21.6% of surface saturation, layer 2
starts accumulating with 212 adsorbed water molecules,
accounting for 18.5%. At this point, layer 3 and layer 4 consist of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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36 and 18 adsorbed water molecules, respectively. Parallel
simulations reveal similar numbers of adsorbed water mole-
cules as shown in Table 1.

Fig. 4 depicts the adsorbed water layer build-up on the AgI
surface. From the top view, it becomes evident that multilayer
patches emerge initially, subsequently merging to form a layer.
However, it is important to note that the formation of the
multilayer occurs prior to complete surface coverage. Our
observations reveal that the rst and second layers start to build
up concurrently in each of the simulations, marking the onset
of the patchy adsorption phase. The third layer builds up with
a delay in time during the patchy phase, before saturation of
layers 1 and 2. The emergence of the fourth layer exhibits
a considerably random nature. In three out of four parallel
simulations, the fourth layer begins its formation within clus-
tered multilayer patches, subsequently merging to build a large
multilayer droplet with nearly complete surface coverage. In the
fourth simulation, the multilayer patches merged before the
formation of the fourth layer. The formation of liquid water as
an intermediate pathway to ice nucleation has also been
observed on a nonporous slab, a model of a porous slab of silica
Fig. 4 Snapshots of the temporal evolution of water adsorption on AgI
(0001). (a–c) The top panel showcases a side view, while the bottom
panel provides a top-down view. (a) Snapshots at 200 ps show two
distinct clusters of liquid water molecules. (b) Snapshot at 570 ps
reveals themerging of clusters into a single entity. (c) Snapshot at 1090
ps illustrates a shift in the adsorption mechanism from clusterwise to
filmwise, leading to more uniform coverage. Figures (d) and (e) display
the adsorbate at 200 ps and 1090 ps, respectively, segmented into
layers, each with a thickness of 5 Å. The first, second, third, and fourth
layers are color-coded blue, red, green, and yellow, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
with a pore in the work of David et al.25 However, while they
observed ice nucleation on the surfaces with pores, the nano-
porous silica surface was unable to promote ice nucleation.

The classical nucleation theory (CNT) stands as the most
widely adopted explanation for heterogeneous nucleation. CNT
outlines the conditions necessary for the formation of a critical
droplet or ice particle on a surface from a metastable phase,
such as supersaturated vapor or supercooled liquid. It assumes
a single-step process without accounting for pre-critical inter-
actions between the surface and the vapor/liquid phase. An
encouraging theoretical framework for addressing the afore-
mentioned challenges in CNT is adsorption nucleation theory
(ANT).38,56 By incorporating multilayer adsorption into the
model, ANT is able to resolve the issue of neglecting pre-critical
surface–water interactions. Our ndings support ANT as we
identied intermediate adsorption of liquid water and interac-
tions between water molecules and the AgI surface, suggesting
a pathway to deposition freezing.

3.3 Hexagonal arrangement

Previous simulation studies of AgI surfaces have demonstrated
that the (0001) surface terminated with silver atoms can
promote ice nucleation by inducing a hexagonal pattern in the
rst hydration layer.13,18,19 This pattern resembles the basal
plane of hexagonal ice (ice Ih) or the (111) plane of cubic ice (ice
Ic). The GCMC/MD simulations conrm the formation of
hexagonal patches in the rst adsorbed layer on the AgI surface.
Fig. 5a–c illustrate the build-up of hexagonal patterns over time.
Initially, these patches were defective and not perfect. During
the simulation trajectories, we observe that these patches
appear and disappear. However, some patches grow steadily
over time, and they can be clearly seen in Fig. 5b and c. The
formation of a monolayer of hexagonal patches shows that the
hydration layer is more ice-like than liquid-like on the surface of
AgI (0001). The ice-like structures on AgI were also reported by
Yang et al. 2021, using NEXAFS spectra of adsorbed water and
the relationship to the hydrogen bonding structure of liquid
water and ice at T = 247 K.37 In contrast to AgI, on TiO2 (ref. 57)
at T = 235 K, the adsorbed water in the rst layer was more
liquid-than ice-like at different RHs. Despite the short duration
of our simulations, we observe hexagonal patches in all four
parallel simulations and suggest that they may serve as poten-
tial sites to initiate ice nucleation events.

The number of water molecules assuming ice-like structure
over time for all four parallel simulations (referred to as system
1–4) is determined using the LICH-TEST algorithm54 (see Fig. 6).
For clarity, the data shown is averaged over 10 consecutive data
points. The number of ice-like molecules at the end of each
simulation is relatively low with a maximum number of 80 ice
molecules in systems 3 and 4. However, it can be seen that the
number of ice molecules is exponentially increasing over time
in all four parallel simulations.

3.4 Comparison with laboratory experiments

Deposition mode experiments shown in Fig. 7a, suggest that ice
nucleation onset conditions on AgI proceed parallel to ice
Environ. Sci.: Atmos., 2024, 4, 243–251 | 247
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Fig. 5 Atomistic details of the first adsorbed layer evolution on the AgI surface during the GCMC/MD simulation at (a) 250, (b) 1000 and (c) 2000
ps. AgI is colored in silver, oxygen and hydrogen atoms of the water molecules are colored in red and green, respectively.

Fig. 6 Time-evolution of the number of ice-like molecules across
four parallel simulations (system 1–4).

Fig. 7 (a) Compilation of experimentally determined onset conditions
(Sw: water saturation ratio, temperature) for ice nucleation on AgI.32 (b)
Stability conditions for critical ice embryos in water with a radius
equivalent to N= 2, 3, 4, 5 adsorption layers. Ice saturation is shown as
a dashed line, and saturation conditions for N = 2, 3, 4 layers of
adsorption37 are indicated as solid lines.
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saturation at T > 253 K but transit towards becoming parallel to
water saturation at lower temperatures.

The assumption that the formation of the critical ice
embryos takes place in the adsorbed water is supported by the
calculations shown in Fig. 7b. The conditions at which embryos
of specic size become stable are calculated by solving the
Kelvin equation for spherical ice cluster surrounded by water,
given by

r* ¼ 2� vice � si=w

k � T � lnðSiÞ; (1)

where r* is the critical ice embryo radius, vice is the volume of
a water molecule in ice, si/w58 is the surface tension between ice
and water, k is the Boltzmann constant, T is the temperature
and Si = Pw/Pi, where the P's denote saturation vapor pressures
of supercooled water and ice at the temperature T, respectively.
The calculations show that the dependence of Sw on T for a xed
radius of the critical embryo is similar to the experimentally
observed temperature dependence of the onset Sw for deposi-
tion ice nucleation on AgI particles. In addition, the simulation
result (Sec. 3.1) suggests a minimum of 4 adsorbed layers to
start ice formation which ts well with the agreement of the
measurements in Fig. 7a and the calculation for r* = 4N (4
monolayers) in (b).

From the number of adsorption layers as a function of water
saturation (shown as horizontal lines in Fig. 7) measured at 247
K with X-ray adsorption spectroscopy,37 ice formation could
occur at or above Sw = 0.95 limited by either the formation of 4
adsorption layers (T < 253 K) or the critical embryo size (T > 253
K), respectively. Experimentally, however, ice formation is
observed already at lower saturation. AgI samples most oen
did not undergo special pretreatment to remove already
adsorbed water before experiments, which could explain some
of the scatter between experiments and a deviation from the
expected number of adsorbed layers. It should be noted that the
precise value of the contact angle, which provides information
about the ice/AgI surface free energy through the Young equa-
tion, is unknown to us. However, if the contact angle measures
© 2024 The Author(s). Published by the Royal Society of Chemistry
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90° or less, it indicates that the critical cluster aligns with the
four-molecule adsorption layer.

3.5 Ice nucleation mechanism

Bringing together the ndings presented above allows us to
propose a mechanism of deposition ice nucleation on AgI,
which consists of the following steps (shown schematically in
Fig. 8):

1. The formation of multilayer adsorbed water patches on
the surface during which the rst two to three layers of water
adsorbed on the surface and form hexagonally arranged islands
in direct contact with the AgI surface. Hexagons in this state are
imperfect and the islands appear and disappear in a random
manner on the rst 250 ps. The size of the adsorbed water
patches as well as their spatial conguration varies from
simulation to simulation.

2. Continuous multilayer formation by patch merging occurs
simultaneously with the formation of the fourth layer of water
on the patch. During this phase, the imperfect hexagonal
network in the rst layer extends, however, ice nucleation is
hindered by the relatively small adsorbed layer thickness.

3. Growth of the adsorption layer until it reaches a thickness
that permits ice nucleation, occurs aer merging. Simulta-
neously the hexagonal water arrangement in the rst layer
stabilizes and extends.
Fig. 8 Schematic of the proposed deposition ice nucleation mecha-
nism on AgI(0001).

© 2024 The Author(s). Published by the Royal Society of Chemistry
4. Ice nucleation and growth can occur once the water
molecules near the surface are ordered and the adsorption layer
thickness exceeds 20 nm or about 4 layers, provided the
temperature is high enough to allow molecular rearrangement
of the water molecules required for crystallization within the
duration of the simulation.

The results of our simulations imply that deposition nucle-
ation only requires beforehand signicant water adsorption. On
AgI both the formation of adsorbed water nanodroplets and
their merging are prerequisites for ice nucleation. While the
timescale on which adsorption and ice nucleation follow each
other is not constrained, the importance of the former cannot
be neglected.

Finally, aer the merging of multilayer patches, the
adsorption mechanism shied from clusterwise to lmwise.
The formation of nanodroplets at lower humidities depends on
the wettability of the surface. Given the hydrophobic nature of
silver iodide,31 it suggests a tendency for droplet-wise rather
than lm-wise adsorption. It should be noted that whether the
initial adsorption is droplet-wise or lm-wise is a secondary
point as the lm is eventually formed on the surface. Impor-
tantly, the critical event of ice nucleation occurs within the
formed lm and not within the nanodroplets as we observed in
our MD simulations. This emphasizes the ultimate formation of
the lm as the crucial factor in ice nucleation. The fact that
liquid adsorption always precedes freezing challenges the
classical view on deposition ice nucleation, which states that
this mechanism does not involve the liquid phase at all. The
liquid droplet adsorption on the surface of ice nucleating
particles has been also observed in Lbadaoui-Darvas et al.26

work in which they conducted a GCMC/MD simulation on the
surface of graphene.

4 Conclusions

A combined dataset obtained from GCMC/MD and MD simu-
lations is used to investigate the mechanism of deposition ice
nucleation on AgI.

MD simulations are performed to examine the effect of the
thickness of adsorbed water lms and temperature on ice
nucleation on AgI(0001). The simulations are run at 213, 223,
233, 243 and 253 K with water slabs 5, 10, 15, 20, 25, 30, 35 and
40 Å thick. For slab thickness larger than 10 Å, the number of ice
structures increases towards higher temperatures in all the
layers. Systems with slab thickness of less than 10 Å show
a higher number of ice structures at lower temperatures (213
and 223 K). We note that in the two systems with slab thickness
of 5 or 10 Å, the ice structures are more interfacial than for fully
developed cubic or hexagonal ice and in general the number of
ice molecules is very low. Furthermore, we show that to see
a perfect structure of ice, we need at least 4 layers of water
molecules on the surface. This result is in good agreement with
both the determination of ice nucleation onset conditions on
AgI surfaces and the calculations based on r* = 4N (equivalent
to 4 monolayers).

GCMC/MD simulations modelling the adsorption of water
molecules show that water molecules adsorb in a hexagonal
Environ. Sci.: Atmos., 2024, 4, 243–251 | 249
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arrangement on the AgI(0001) surface. At the beginning of the
simulations, we observe several individual patches. These
patches grow in a droplet-wise manner. Later in the simulation,
these small patches merge with each other and form a semi-
hemisphere on the surface. Finally, we observe a shi from
droplet-wise to layer-by-layer adsorption. We also quantify the
number of ice-like and liquid-like water molecules in the
simulation systems. In general, the number of ice-like struc-
tures is low in all of our parallel simulations, however, with
a clear increase throughout the simulation time.

Based on the above results, a 4-step mechanism is proposed
that starts with the formation of adsorbed water patches with
thickness ranging from 2 to 3 molecular layers, followed by the
merging of the patches and thickening of the adsorbed water
layer until the threshold thickness needed for ice nucleation is
surpassed. We conclude that deposition ice nucleation on AgI
cannot happen without the preliminary adsorption of water
clusters on the surface, which renes the traditional denition
of the deposition ice nucleation mechanism and underlines the
importance of including water adsorption into ice nucleation
theories used for modelling deposition ice nucleation. These
results indicate an alternative route to deposition ice nucleation
involving an intermediary liquid phase. Given the signicant
radiative inuence of cirrus clouds on climate,59 traditional ice
formation parameterizations based on deposition ice nucle-
ation should be substituted with models that integrate an
adsorption mechanism in cirrus cloud models.60
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5 M. Krämer, C. Schiller, A. Afchine, R. Bauer, I. Gensch,
A. Mangold, S. Schlicht, N. Spelten, N. Sitnikov,
S. Borrmann, M. de Reus and P. Spichtinger, Atmos. Chem.
Phys., 2009, 9, 3505–3522.

6 D. J. Cziczo, K. D. Froyd, C. Hoose, E. J. Jensen, M. Diao,
M. A. Zondlo, J. B. Smith, C. H. Twohy and D. M. Murphy,
Science, 2013, 340, 1320–1324.

7 G. Vali, P. J. DeMott, O. Möhler and T. F. Whale, Atmos.
Chem. Phys., 2015, 15, 10263–10270.

8 C. Hoose and O. Möhler, Atmos. Chem. Phys., 2012, 12, 9817–
9854.

9 A. Welti, F. Lüönd, O. Stetzer and U. Lohmann, Atmos. Chem.
Phys., 2009, 9, 6705–6715.

10 L. Lupi, N. Kastelowitz and V. Molinero, J. Chem. Phys., 2014,
141, 18C508.

11 L. Lupi and V. Molinero, J. Phys. Chem. A, 2014, 118, 7330–
7337.

12 L. Lupi, B. Peters and V. Molinero, J. Chem. Phys., 2016, 145,
211910.

13 G. Fraux and J. P. K. Doye, J. Chem. Phys., 2014, 141, 2.
14 G. C. Sosso, G. A. Tribello, A. Zen, P. Pedevilla and

A. Michaelides, J. Chem. Phys., 2016, 145, 211927.
15 A. Soni and G. N. Patey, J. Chem. Phys., 2019, 150, 214501.
16 A. Soni and G. N. Patey, J. Phys. Chem. C, 2021, 125, 26927–

26941.
17 A. Soni and G. N. Patey, J. Phys. Chem. C, 2022, 126, 6716–

6723.
18 G. Roudsari, B. Reischl, O. H. Pakarinen and H. Vehkamäki,
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