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Abstract

A microscopic understanding of the mechanism of direct ice formation from water vapor has a
significant benefit for controlling the processes involving ice condensation and evaporation.
However, previous studies on this topic have been limited to theoretical simulations or optical
observations. Here, by in situ observation via environmental scanning electron microscopy
(ESEM), we revealed that hexagonal ice crystals are developed by a step-by-step pathway in a
supersaturated water vapor environment. Furthermore, we also discerned that such steps came
from two different origins, which are screw dislocations and initial steps. In addition, the
relationship between the edge-length (of hexagonal ice crystals) and the growth time was
quantitatively studied at controlled temperatures and pressures by experimental data fitting. This
study shows that qualitative and quantitative observations of ice formation can be made with
simple setups, and it should inspire future investigations toward important physicochemical

processes using ESEM, especially those that simultaneously involve two or more phases.



Introduction

Ice formation is a common phenomenon and has widespread influence over both industrial
processes and our daily life. (1—4) In fact, the process of formation for an ice crystal (a
snowflake) from the gaseous phase is complicated and is primarily determined by two
parameters: temperature (T) and water vapor supersaturation (o). (5—-9) The beginning of
scientific studies on icing dates back to the early 1930s, during which cameras or optical
microscopes were employed to observe such processes. For example, on the basis of decades of
research by taking thousands of photos on snow crystals, Humphreys et al. claimed that there
were no two identical snowflakes in the world. (10) Then, Nakaya, who first created artificial
snow in the laboratory, observed different growth patterns of snow crystals at different
temperatures and supersaturation levels, and the results have been plotted in the famous “snow
crystal morphology diagram”. (11,12) On the basis of Nakaya’s general classification, Magono
developed a more detailed and the most widely accepted account on snow shapes, including 76
patterns such as needle, plate, sheath, and so on. (13) A fundamental ice crystal form is a
hexagonal prism, consisting of two basal facets {0001} and six prism facets
{1010}. (14) Thereafter, qualitative and quantitative studies were carried out to understand the
growth process of ice, which is simply divided into three stages (crystal growth stage, ice-layer
growth stage, and ice-layer full growth stage). (15) Other parameters were also studied, including
the influence of mass transfer, moisture content, and cold surface temperature on icing
rate, (16) as well as the structures of the ice-layer under different icing conditions. (17) There
were also a few reports focusing on the icing mechanisms. In 1989, Yokoyama and Kuroda
proposed a simulation model of pattern formation with three types of snow crystal patterns

(circular pattern, hexagonal pattern, and dendritic pattern), based on both the surface kinetic
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process and the diffusion process. (18) For the disk crystals, Shimada et al. found that their three-
dimensional growth pattern could be categorized into two types depending on the presence of
screw dislocations by in situ observations using an interferometric optical system. (19) On the
basis of the terrace—ledge—kink model, Wood presented a new physical model in which ledges
(steps) were created either by outcropping of screw dislocations or by two-dimensional
nucleation. (20) Libbrecht described the influence of edge-sharpening instability in diffusion-

limited vapor growth on the formation of thin plates at —15 °C. (21)

The research interest in icing has been revived in this century, as a consequence of the rapid
advancement on computational physics as well as observational techniques. (22—25) Recently,
scientists were also able to monitor the icing process by a range of in situ techniques, allowing
direct studies concerning the formation of ice on different surfaces with different wettability. Wu
et al. observed the complete process of freezing a droplet and the different macroscopic
structures of ice, using a microscopic image system consisting of a zoom stereo microscope, a
CCD camera, an image processor, and a self-built program. (26,27) Liu et al. imaged the growth
process of six-leaf clover-like ice on hydrophobic surfaces to investigate the growth of ice
crystals on different solid surfaces and the relationship between the growth process and the

contact angle, using an optical microscope coupled with a high-speed camera. (28)

On the other hand, state-of-the-art computation techniques showed considerable deviations with
the experimental observations due to the limitation of the simulated system. For example, Reiter
proposed a 2-dimensional model to investigate the impact of various growth conditions, which
failed to express the actual three-dimensional forms of snow crystals. (29) Moreover, we note
that many existing reports have attributed the ice formation to supercooled droplets; nevertheless,

the growth kinetics and mechanism of ice «crystal or ice-layer is not fully
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understood. (26,27,30—32) We suggest that a microscopic study on morphological changes
during the crystal growth stage and ice-layer development arising from the deposition of water
vapor are crucial for constructing the complete scenario of the icing process, as well as the final

control over icing in certain circumstances (artificial ice making, aircraft icing management, etc.).

Following our previous in situ studies on crystal growth, (33—36) we extend our research to the
observation of crystallization of water (i.e., ice forming) via environmental scanning electron
microscope (ESEM) in this work. (37—42) With the development of ESEM, unparalleled
opportunities have been provided to carry out direct and high-resolution observations concerning
microstructural changes or microscale reactions in controlled environments, for example, the
evolution of water droplets during wetting process and nanoscale ice crystal
formation. (43—46) Therefore, in this work, we accurately control the temperature and relative
humidity over a broad range inside the ESEM chamber and directly observe the consequent icing
process. As will be demonstrated later in the paper, this work has revealed the microstructure and
growth pattern of ice crystals and the formation process of the ice-layer, which has further led to
a theoretical discussion on the growth dynamics. Our studies provide valuable insights into the
mechanisms of ice formation and morphological change during the growth and will be beneficial

for understanding ice crystal growth from the gaseous phase in a fundamental manner.

Experimental Methods

ESEM (Quanta 200F, FEI, U.S.) was used to observe the icing process in a series of water vapor
pressures and chamber temperatures (as described in the following text). The working distance
was set as 15 mm, and the electron spot was 3.0. The voltage was 20 kV, and the working mode

was ESEM mode. The icing temperature was controlled by a cooling stage assembly within the
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ESEM chamber, while the supersaturation of water vapor was controlled by the chamber

pressure (in this case the low-pressure water vapor can be treated as ideal gas).

Results and Discussion

Microscopic Growth of Ice Crystal

We performed a series of in situ experiments in ESEM to observe the growth of ice crystal under
controlled temperatures and water vapor pressures (Figure S1-S6) and found that the growth of
ice crystal was intimately related to temperature (T) and supersaturation (c). The increase of o
can accelerate the growth under a certain T, and o must increase when T decreases. (5,6) Results
of a representative experiment (T = —15 °C, P = 179 Pa, o = 0.86%) are shown in Figure 1 to
demonstrate the growth process of an ice crystal. Initially, when the water molecules in the
gaseous phase with a high supersaturation deposit on a supercooled surface, they preferentially
nucleate at some points where surface defects (such as dust particles or rust spots) act as
heterogeneous nucleation centers to form embryos, as shown in Figure 1a. Subsequently
(Figure 1b,c), as the embryo grows, it becomes anisotropic and forms a hexagonal prism that

follows the crystal structure of ice.

For an ideal hexagonal prism, there are two kinds of facets, i.e. six prism facets ({1010} facets)
and two basal facets ({0001} facets) as shown in Figure 1d. In principle, after the formation of
an ice hexagonal prism as in Figures 1c and 2a, the further growth is dominated by the lattice
anisotropy of the ice crystal. The six prism facets, represented as the closest packing direction in
the atomic structure of ice, are more unstable and hence have higher growth rates than the two
basal facets. Actually, we did not observe any significant change in the basal facet as shown

in Figure 2b—d, except for the formation of a certain degree of surface roughness. In contrast, the
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six identical prism facets change significantly during the observation. The prism facets grow
outward by means of forming layered steps, called initial steps, perpendicular to the c axis, while
each initial step is composed of a number of connected quasihexagonal micropieces (Figure 2e—
g). The continuous deposition of water molecules from gaseous phase onto the microstructure of
the ice crystal leads to fast in-plane growth of the prism, which should be a result of the energy

competition between different crystal facets.

Step-by-Step Growth of Ice-Layer

During further observation, we saw that several crystals (Figure 2a) horizontally met each other,
merged into a big one, and then formed a bicontinuous ice-layer on the substrate. Observation
was carried out to understand the growth fashion of the ice-layer, as recorded in Movie S1,
and Figure 3 summarizes the structural evolution of the ice-layer with respect to time.
Throughout the entire ice-layer formation process, the basic growth units are steps, as shown
in Figure 3a. As mentioned above, this “ice-layer” process happens after the previous “crystal”
process. For a crystal, during the ice-layer formation, its initial steps and micropieces (Figure 2)
develop into some steps and screw dislocations. Additionally, screw dislocations are always
formed upon extrusion of neighboring ice crystals. Therefore, it can be concluded that the step-
by-step growth of the ice-layer mainly proceeds via two structures, screw dislocations (denoted

as 1 inFigure 3a) and steps (denoted as 2 in Figure 3a). Figure 3b—d shows how screw

dislocations grow and move. Water molecules from the vapor are the resources for the growth,
and the dislocation head leads the growth due to energy reasons. Such growth may be stopped by
neighboring steps or be influenced by internal strains. As the solidification process goes on,
dislocations may disappear, and finally, the ice steps become the dominant form of

microstructure. Figure 3e—g shows how the ice-layer grows. Again, water molecules from the
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vapor are the resources for the growth, and step edges lead the growth due to the edge-
sharpening instability; considering that the supersaturation is the highest near the step edge
(namely, Berg effect), the water molecules therefore prefer to be deposited on the step
edges. (21) Through the direct observation, one can see that the growth rate along the lateral
directions of a step is much larger than that of the step thickness, and several steps could merge
into one thicker stage (as shown in Figure 3h, with h2 and h3 becoming h2(3)"). The whole

process is schematically illustrated in Figure 3h.

The microscopic understanding of the icing mechanism has been continuously refined over the
past few decades. In the 1960s, Ketcham reported that, in pure water, the cooling interface can
propagate in the form of steps which originate from grain boundaries and spiral
sources. (47) Recently, Lamb et al. proposed a growth model, suggesting that both the basal and
the prism facets are due to the propagation of spiral steps developed from screw
dislocations. (48) Using MD simulation, Nada et al. discovered that the structure of the ice/water
{0001} interface was smooth, whereas the ice/water {1010} interface was rough. (49) In 2001, a
new model for the growth mechanism of steps with both two-dimensional nucleation and spiral
dislocation was proposed, in order to describe the process observed by Wood et al. (20) Upon
further studies, Libbrecht claimed that edge-sharpening instability can promote the formation of
ice, and the water molecules prefer to be absorbed on the corner of step edges of ice
crystals. (21) In contrast, in this work, we discerned new details in the microscopic icing
mechanism with ESEM, in which the prism facets in hexagonal ice crystal were developed
through stacking of multiple steps, while each step was composed of many quasihexagonal
pieces. We also observed that growth of steps first started at every corner of the steps and then

spread over the surfaces. For the ice-layer formation, the steps from either initial ones or screw
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dislocations led to the step-by-step growth of ice. Moreover, we also observed that growth of
steps first started at every edge of the steps, which was followed by a spreading over the flat

surfaces (Movie S1).
Kinetic Analysis of Ice Growth

In this work, ice formation is a phase transition of water from vapor to solid, on the condition
that water molecules in the gaseous phase come across a cold surface. According to the
fundamental equation of thermodynamics:d¢ = —5dT + Vdp (1)When the temperature of the

system is fixed (dT = 0), the variation of the Gibbs function in the process of desublimation can

be expressed as

AG = fli dp @

where p is the actual water vapor pressure in the environment and pe is saturated water vapor
pressure on the ice surface. Considering water vapor as a perfect gas, it follows that the ideal gas

equation
pV = nRT @)

and according to eq 2

AG = j'r; ”Rpo
p

P (4)

after integral operation

AG = nRT In ‘!—

4 ()
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and according to Tetens’ empirical formula, (5) the saturated vapor pressure on ice surface can

be calculated by

95T

1 =611 X e————
E st T (6)

where T’ is Celsius temperature. According to eq 5, AG < 0 when p > pe. In this case, the rate of
water molecules moving from air to ice is higher than that of water moving away from ice to air.
To observe the ice formation, we controlled the water vapor pressure of ESEM under this
condition. In order to explore the regular pattern of speed variation, some statistical data were
measured from the captured ESEM micrographs in order to describe the kinetics during the ice
growth. Also, this process can be described with diffusion, such that the velocity of the crystal
growth (v) can be expressed with the rate of change in crystal’s mass (m) according to Fick’s

first law:

T dx @)

where D is the diffusion coefficient, p is the mass concentration, and i is the concentration
gradient in the direction of diffusion x. A is the area, and the minus sign expresses that the

direction of diffusion is opposite to the direction of concentration gradient. From egs 3 and 7

~ DMA ﬂ
RT dx (8)

r=

Here, M is molar mass. In this process, v can be written in the following form:

~ DMA
ET

A
RT

(p=pl=-

J‘_i' iF
=

(9)
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In our work, the velocities under different temperatures (T) and varying degrees of
supersaturation (o) are discussed in Figure 4a. According to eq 9, we fit the data with a linear
function, and consequently, the slopes of the linear fits for data at —12, —13, —14, —15, —16, —20,
and —22 °C are 0.203, 0.367, 0.488, 0.484, 0.423, 0.398, and 0.327 pm/s, respectively.
Interestingly, it is obvious that the ice grows fastest when the temperature is at —14 °C, at which
point this process can take place most easily. According to the previous study, the only
possibility for this phenomenon is the existence of a quasi-liquid-layer on the ice surface caused
by premelting. (50,51) This regular pattern gives indirect proof that there is an occurrence of
premelting on the ice/vapor interfaces of the ice crystal, namely, the existence of a quasi-liquid-
layer. (52,53) In the surface quasi-liquid-layer, the connection between water molecules is much
looser than that of internal molecules (solid ice). At higher temperatures (>—14 °C in our case),
the quasi-liquid-layer tends to be a continuous liquid layer on the ice surface, and the interface
(ice/vapor) becomes smoother, so the water molecules in vapor are very difficult to be adsorbed
into the ice body, resulting in the decrease of ice growth rate. On the contrary, at lower
temperatures (<—14 °C), surface-melting is largely prohibited, and therefore, the ice/vapor
interface is also very smooth (caused by the close molecule arrangement in solid ice), leading to
slower adsorption of water molecules and the slower growth rate. Only if the temperature is at a
critical point (= —14 °C) will a suitable distribution of quasi-liquid-layer on the ice surface make
the water molecules in vapor much easier to be adsorbed and, hence, can boost the speed of ice

growth.

For more intuitive comparison of ice growth at different temperatures, Figure 4b, depending on

the results of linear fitting, demonstrates the dependence of ¢ (at a given v=2 pum/s) and v (at a
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given o = 12) on T. In addition, for our chosen single crystal with the morphology of a plate-like

hexagonal prism, the area of a basal facet can be calculated by

where a is the edge-length of the hexagon, and its thickness does not change with time,

considering egs 7 and 9, in the crystal growth

dm A3 \-"_T-p_rs ,
= "* a4

dt 2RT (10)

Hence, the time dependence of the edge-length of an ice crystal at a constant temperature is
described as a o« \'t. In our experiment, the change of edge-length of the basal facet with time at
different temperatures (—14 and —15 °C) at a given o is shown in Figure 4c, and Figure 4d is the
data at —18 °C (o = 8.65%). The results all show good linear relationships, which is consistent
with the theoretical calculations; moreover, the crystal growth rate at —14 °C is the fastest at a

given o, also in line with Figure 4a,b.

Conclusion

We reported in situ ESEM analysis of direct ice formation from a supersaturated water vapor
environment. The results show that the steps, which come from two distinct paths (screw
dislocations and initial steps), play very important roles during the whole ice formation process.
Ice crystals, in the form of hexagonal plates, can be anisotropically developed through the
addition of these microscopic steps. Moreover, by careful theoretical derivation and experimental
data fitting, the relationship between edge-length a of hexagonal ice plates against timetat a
constant temperature is determined as a « t, and the growth rate of ice crystals is found to be

fastest at —14 °C due to the possible effect of the quasi-liquid-layer under the given conditions.
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Our study paves the way for understanding the fundamental issues in such a gas—solid phase

transition with rational experimental design.
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Graphical abstract

Ice Formation

The microscopic growth process of ice through condensation of water vapor was, qualitatively
and quantitatively, observed at different temperatures and saturations using an environmental

scanning electron microscope (ESEM).
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Figure 1. ESEM micrographs on growth dynamics of an ice crystal under T = —15 °C, P = 179
Pa, and 6 = 0.86% at (a) 0 s, (b) 57 s, and (c) 117 s. (d) Schematic illustration of a basic

hexagonal prism.
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Figure 2. ESEM images show detailed morphological changes of two kinds of surfaces on an ice
crystal under T= —15 °C, P = 180 Pa, and ¢ = 1.20%. (a) Ice crystal with the outline as a
hexagonal prism. (b—d) The changes of basal facet as a function of time. (e-g) Changes of the

edge of prism facets as a function of time.



screw dislocation step-by-step growth initial steps

Figure 3. ESEM micrographs of the step-by-step growth of the ice-layer under T=—13 °C, P =
230 Pa, and o = 15.68%. (a) Overview of a group of ice-layers. The yellow dots denote the head
of the screw dislocations, and the yellow arrows denote single steps. Arabic numerals 1 and 2
denote screw dislocation and growth step of ice-layers, respectively. (b—d) Typical process of
steps formation from a screw dislocation. (e—g) The growth pattern of steps during the ice-layer
growth. (h) Schematic illustrations of the growth mechanism. h1, h2, h3, h4, and h1’, h2(3)’, h4’
denote the stages before and after the growth, respectively, in which hl grew to hl’, h2 and h3

merged into one step of h2(3)’, and h4 evolved to h4'.
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Figure 4. Statistical data during the growth of ice. (a) Dependence of the velocity (v) on
supersaturation (o) under different temperatures (T). (b) Dependence of ¢ (at a given v =2 pum/s)
and v (at a given 6 = 12%) on T. (c) Relationship between the edge-length of basal facet and the
time under the different temperatures at a given 6 < 1% (o at —14 °C and —15 °C are 0.27% and

0.20%, respectively). (d) The same relationship under —18 °C at a given ¢ = 8.65%.
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