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Abstract: The aim of this study is to explore the heterogeneous ice nucleation
behavior based on controllable micro-cubic array structure surfaces from the sta-
tistic perspective. To this end, we firstly constructed a group of micro-cubic array
structures on silicon substrates by a selective plasma etching technique. After
grafting low-free-energy substance, the as-constructed micro-cubic array structure
surfaces exhibited higher non-wettability with the water contact angle being up to
150°. On this basis, 500 cycles of freezing and melting processes were accurately
recorded to analyze the instantaneous ice nucleation behavior according to the sta-
tistical results of freezing temperature. As a consequence, the statistical freezing
temperature of the sample with micro-spacing distance of 40 um is as low as
—17.13°C. This microstructure configuration (conforming to Cassie-Baxter wet-
ting regime) not only could entrap more air pockets, but also achieved lower
solid-liquid contact area, resulting in lower ice nucleation rate (~2—3 orders of
magnitude less than that on the flat substrate). Furthermore, the gradually increas-
ing micro-spacing distance to 60 um would induce the transition from Cassie-
Baxter to Wenzel wetting state, leading to higher freezing probability and ice
nucleation rate. The complete understanding on microstructure configuration
improving the ice nucleation will lay the foundation stone for the microstructure
design of ice-repellent materials.

Keywords: Microstructure configuration; superhydrophobic; ice nucleation; anti-
icing/icephobic material

1 Introduction

In recent years, the application of ice-repellent materials in the form of coatings has become the hot spot,
because these materials are regarded as an ideal anti-icing or de-icing strategy without the additional energy
consumption [1—4]. Generally speaking, considering the icing process, the ice-repellent materials should
have greater water repellence, higher freezing delay ability, and lower ice adhesion. Among these key
parameters, icing-delay ability is considered to be the core requirement, which means the response time
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for operating personnel to take some anti-icing or deicing actions [5—7]. As the first line of really defensing
against ice accumulation, icing-delay characteristic actually refers to the freezing process, which is mainly
related to ice nucleation and growth in microscopic scale. Actually, the ice nucleation and growth process
completely abide the classical nucleation theory and crystal growth theory [8—10]. Water freezes after
cooling, which is resulted from the decrease of Gibbs free energy. Under the thermodynamic driving
force, when a sufficient number of relatively long-lived hydrogen bonds spontaneously form dense nuclei
at the same position, ice nucleation will occur. Subsequently, the formed nucleus changes the shape until
it reaches the stage of allowing rapid expansion, and finally leads to the crystallization of the whole
system [11,12].

Taking the temperature and time into consideration, the icephobic material should have the ability to
delay ice formation. Alizadeh et al. prepared a hierarchical micro-nanoscale superhydrophobic surface
and systematically analyzed the transient temperature during the freezing process by a device similar to
DSC (Differential Scanning Calorimetry) [13]. When the freezing event occurs, a certain amount of heat
will be free, resulting in a rapid increase in instantaneous temperature. It can be clearly found from the
temperature distribution that the superhydrophobic surface has lower ice nucleation temperature, which is
mainly attributed to the local supercooling gradient caused by a large number of trapped air pockets
inside the micro-nanoscale structures on the surface. In addition, some researchers speculated the ice
nucleation behavior (such as nucleation site and direction) based on the macroscopic observation of icing
process of a droplet [14,15]. Obviously, it is less rigorous and scientific to analyze the spontaneous and
transient nucleation (or phase transformation) phenomenon. Also, the surface microscopic configuration
undoubtedly has a significant influence on ice nucleation, because the heterogeneous ice nucleation
occupies the dominant role.

Herein, we want to construct a group of micro-cubic array structures on silicon wafers by a selective
plasma etching technique, and the micro-spacing distance of micro-cubic arrays is designed to induce the
distinguishing non-wetting interface configurations. On this basis, the ice nucleation behaviors (including
nucleation temperature and nucleation probability) are systematically investigated and discussed
according to a statistic data of 500-cycle freezing temperatures. Furthermore, the ice nucleation rate is
systematically calculated and analyzed based on classical nucleation theory for the complete
understanding of icing nucleation and growth on the superhydrophobic surface.

2 Experimental Section

2.1 Materials and Sample Preparation

Due to the great processing performance by means of plasma etching, silicon wafers were used to
construct microstructures as substrates. At first, the substrate was processed into a square plate of 20 x
20 mm?. For other relevant reagents, the analytical grade ethanol, SU-8 photoresist, photoresist developer,
and the commercial grade Heptadecafluoro-1,1,2,2-tetradecyl (FAS-17) were supplied from Sinopharm
Chemical Reagent Co., Ltd., China. In the whole experiment, ultra-pure deionized water was generated
by Ulupure-II-20T water system in our laboratory. Additionally, the mask used in lithography process was
customized by Rigorous Technology Co., Ltd, China.

A series of micro-spacing distance Sms (between two micro-columns), varied from 30 pm to 130 pm,
was designed to systematically explore the heterogeneous ice nucleation behavior. The edge length of the
micro-cubes was customized to be same as the height value of 20 pm. Firstly, the ethanol and deionized
water were used to ultrasonically clean the samples alternately for 10 min, and the samples were dried in
an oven, as illustrated in Fig. 1. Then, a layer of SU-8 photoresist with a thickness of about 5 um was
covered on the cleaned substrate sample. Subsequently, the mask template with the designed pattern was
hung over the top of the photoresist layer. On this basis, the formed setup was irradiated by an ultraviolet
light for 5-10 s. After successfully transferring the pattern to the sample surface, these samples were put
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in nitrogen atmospheric plasma etching equipment (Suzhou, China) to selectively produce the micro-cubic
array structures. The plasma was generated by an AC power supply (~60 kHz) in gas flow (8 L/min), and the
discharge power was about 3.0 W. The flow rate of nitrogen was controlled at 10.0 slm by the mass flow
controller (MFC). After the nitrogen was applied, the plasma jets with diameters of ~4 mm and ~15 mm
were generated, and the plasma etching treatment was completed within 50 s. Finally, the samples were
immersed in 1 wt% FAS-17 ethanol solution for 24 h and then dried in an oven at 120°C for 2 h to
obtain the excellent non-wettability.
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Figure 1: Schematic diagram to construct the micro-cubic array structure surface by means of a selective
plasma etching method

2.2 Characterizations and Non-Wettability

The field emission scanning electron microscopy (FE-SEM; Hitachi S4800, Japan) was utilized to
characterize the sample surface morphology. Furthermore, we utilized X-ray electron spectrometer (XPS;
AXIS UltraDLD, Kratos, Japan) to analyze the chemical composition of the sample surface. The non-
wettability of the prefabricated samples was characterized with water contact angle (WCA), which was
measured directly by a contact angle analyzer (Kruss DSA100, Germany). For all samples, at least five
repetitions of this measurement were performed at independent positions. Then all values were
statistically averaged to ensure the accuracy of data.

2.3 Statistical Test on Freezing Temperatures

The droplet icing/melting cycles were carried out using a dedicated automatic measurement equipment,
as shown in Fig. 2a. This device was composed of the thermoelectric cooling unit with loop control system
and an Aluminum block (including an embedded digital temperature sensor). The cooling unit on the bottom
stage was used to control the refrigeration and heating circulation system effectively. The whole chamber was
made of Aluminum to diffuse the heat generated from wire and circuits. Laser was used to detect the icing
events, i.e., the phase change process, where the detector was perpendicular to the laser, both pointing to the
10 pL distilled water droplet. The droplet and the sample surface were cooled from 20°C to 0°C at the rate of
20°C /min and held for 30 s, and then cooled from 0°C to —25°C with 5°C/min speed and held for 30 s to
ensure the equilibrium state. After droplet completely freezing, the ice droplet was heated up to 20°C and
held for 30 s to stabilize the droplet before the next cycle. The droplet icing/melting 500 cycles were
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performed on each sample surface. During the experiment, the temperature could be accurately recorded, as
shown in Fig. 2b. Combining with the change of laser single, we could easily find the phase-changing
temperature of the water droplet.
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Figure 2: (a) Schematic diagram of the dedicated automatic measurement device; (b) The temperature
profile of a water droplet on the surface of Sample 7 from 31" to 36™ cycle

2.4 Molecular Dynamics Simulation

The ice nucleation and growth processes were simulated to further discuss the heterogeneous nucleation
behavior via molecular dynamics simulation. In this process, the FCC surface was used as the substrate
material, and the specific data is listed in Tab. 1. The subsurface diameter, the height of independent
nanocubes and the distance between two nanocubes were set as 3.2 nm, 1.2 nm and 1.6 nm, respectively.

Table 1: Summary of simulation parameters of the substrate and the water-substrate interaction parameters

Surface Ape (A) € (kcal/mol) a4 (A)
FCC (100)  3.649 0.43 2.488

The sequence parameter q6 was used to identify ice and water, where the cutoff value with 0.65 was an
excellent standard to distinguish between ice and liquid water [16,17]. In the cooling stage, the temperature
was set to change from 290 K to 180 K with cooling rate of 1 K/ns [18]. In NVT ensemble, simulation was
adopted with a time step of 10 fs, and further integrated with velocity Verlet algorithm. For every system,
5 repetition simulations were run to lessen the deviation.

3 Results and Discussion

3.1 Surface Morphology and Chemical Composition

Surface functions are mainly depended on the microscopic structures and chemical compositions, and
the as-constructed microstructures illustrate complete and controllable morphologies, as shown in Fig. 3.
Under the control of process parameters, the formed micro-cubic structures, fabricated by the selective
plasma etching methods, evenly distribute on the substrate surface. Also, they exhibit the great cyclical
features, and are belled as Sample 1-7 with the gradual increase of micro-spacing distance from 30 pm to
130 um, (such as Sample 1: 30 um, Sample 2: 40 pm, Sample 3: 50 um, Sample 4: 60 um, Sample 5: 70
pum, Sample 6: 100 um, and Sample 7: 130 um), respectively. Furthermore, the single microscale cubic
column was designed with the side length of 20 pm, as illustrated in Figs. 3h and 3i. These geometrical
parameters are considered to produce a certain effect on the interfacial wetting regime, and finally lead to
the corresponding change of ice nucleation behaviors on the sample surfaces. On this basis, a surface
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chemical treatment is needed to regulate the surface free energy, and further achieve the special surface
functions, i.e., hydrophobicity or superhydrophobicity.

200pm. ., 80:11 £ ’

Figure 3: SEM images of micro-cubic array structures, whose center-center micro-spacing distances are (a)
30 um, (b) 40 pum, (c) 50 um, (d) 60 um, (¢) 70 um, (f) 100 um, and (j) 130 um. (h and i) SEM images
showing the morphologies of a single microscale cubic column with side length a of 20 um

The chemical composition analysis was carried out on the surfaces of these samples to verify the
modification of low-free-energy substance. On the basis of XPS measurement results, as shown in
Fig. 4a, after low-free-energy modification, the Fls, Cls, and Ols peaks are clearly seen at the positions
of 685.7 eV, 285.0 eV, and 531.8 eV, respectively [19]. In the high-resolution spectrum of Fls peak, the
two peaks appear at 686.5¢ V and 688.9 eV, which are attributed to -CF5; and -CF, [20,21], respectively,
as illustrated in Fig. 4b. Analogously, in Cls and Ols high-resolution spectrums, there are many small
peaks, as shown in Figs. 4c and 4d. Generally speaking, these XPS analyses can well prove that the low-
free-energy groups from FAS-17 have been successfully grafted onto the prepared microstructures of
sample surface, resulting in great superhydrophobicity.

3.2 Non-Wettability

The superhydrophobicity can be well reflected by the WCA paramters, and the WCAs at room
temperature (20°C) and —15°C were measured by a contact angle analyzer, as listed in Tab. 2. All tested
results were averaged with five test values in this work.

All these sample surfaces display the great superhydrophobicity except Sample 7 with larger Sm of 130
um, because the micro-cubic structures with Sm of 130 um cannot hold up the water droplet without air
pockets at the solid-liquid interface, i.e., Wenzel wetting model, leading to the WCA being only 118.14°.
The water droplets on the other sample surfaces (i.e., Sample 1-6) well conform to Cassie-Baxter wetting
regime, and the trapped air pockets can well hold up the droplets. However, the low-temperature
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environment induces the contraction of air pockets to a certain extent, resulting in the reduction in WCA (such
as, the value from 153.47° to 122.48° on the Sample 3 surface). At the interface aspect, the wetting regime will
change from Cassie-Baxter wetting model to Wenzel wetting model or transitional wetting model.
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Figure 4: (a) XPS survey spectrum of the sample surface before and after the low-free-energy modification;
(b and ¢) High-resolution spectrum of the F1s, Cls, and Ols on the modified sample surfaces

Table 2: The WCAs of a series of sample surfaces

Samples Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7
WCA at 20°C  147.27°+£2.4° 149.09° £1.2° 153.47°+1.2° 154.22°+£1.5° 149.61°£1.6° 148.33°+1.5° 118.14°£1.2°
WCA at—15°C 130.75°+2.4° 126.07°+1.6° 122.48°+£1.6° 116.35°+£1.8° 118.22°+1.7° 112.00°+1.3° 115.32°+1.5°

3.3 Ice Nucleation Behavior

Subsequently, icing behavior on these as-prepared sample surfaces is discussed and analyzed in details
with the statistical data of 500-cycle freezing temperatures with reference droplets, as shown in Figs. 5a—5g.
It can be easily found that the freezing temperature exhibits a gradually increasing trend with raising number
of icing/melting cycles, especially on the surfaces of Sample 3—6. Also, on Sample 6 surface, the freezing
temperature changes more rapidly from —18°C to —12°C during the first 20 icing/melting cycles. We
believe that the Cassie-Baxter wetting state is not stable for the surfaces of Sample 3-6, and the
continuous icing/melting conditions can easily induce the change of interface wetting regime to Wenzel
wetting model, as shown in insets of Figs. 5¢c—5f. Furthermore, the non-stability of Cassie-Baxter wetting
state is mainly depended on the micro-spacing distance of micro-cubic structures [22,23], which well
explains the rapid change of freezing temperature on the surface of Sample 6 during the first 20 icing/
melting cycles. As for Sample 7 surface, the stable Wenzel wetting state belonging to the completely-



JRM, 2020, vol.8, no.12 1623

infiltrating contact type exhibits higher stability during the overall icing/melting cycles. The freezing
temperature keeps relatively stable at the value of ~—13.5°C. Furthermore, there are almost no change for
the freezing temperatures of reference droplets on the surfaces of Sample 1 and 2. In the two case, the
micro-cubic structures with lower Sms of 30 pm and 40 um result in a stable Cassie-Baxter wetting state,
which can resist the icing/melting conditions [24,25].
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Figure 5: Statistical data of freezing temperatures of water droplets on (a) Sample 1, (b) Sample 2, (c)
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Up to now, although the statistical data of 500-cycle freezing temperatures have some non-stable
features, the micro-cubic structures with gradually increasing Sm can well explain the overall change
trend of freezing temperature. As for Sample 1 and 2, the freezing temperature on Sample 2 is lower than
that on Sample 1, which should be attributed to the roughness Ra, as shown in Fig. 5i. Because both of
them belong to the Cassie-Baxter wetting state, the roughness will take the leading role. As a
consequence, Sample 2 with Sm of 40 um leads to lower solid-liquid contact area, and has greater
difficulty to take place the freezing events [26—30], causing lower freezing temperature of ~—17.5°C. For
the other samples (i.e., Sample 3—7) with longer Sms, the wetting regime will partly or completely
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transfer into Wenzel wetting state, producing larger solid-liquid contact area. Consequently, there are higher
freezing temperatures from —14°C to —12°C comparing with those on Sample 1 and 2. The similar
experimental phenomena were reported in previous literatures [31-33].

The obtained statistical data were re-arranged to investigate the ice nucleation behavior. In the whole
scanning temperature varying from 20°C to —25°C, the bin width is set as 0.2°C to discuss the freezing
probability P, which is defined as [11]:
N;

No

P= (1)

Among them, V; is the number of freezing events in the iy, bin and N is the total number of freezing
events, i.e., which is 500 in this work. The freezing probability varies with temperature with Gaussian
distribution, as illustrated in Fig. 6. This directly indicates that the maximum freezing probability can be
generated at a certain temperature, which is not a lower value that tends to freeze on the surface of the
sample. The normalized distribution equation is given by [34]:

2
(x— )

P=a xe O @)

where i, is the expectation temperature, a; is the fitting coefficient, and 4,2 is the square diviation. The
expectation temperatures of these samples can be calculated as —15.57°C, —17.13°C, —12.52°C,
—11.37°C, —12.99°C, —11.57°C, and —11.88°C, respectively. For Sample 1 and 2, it means that higher
supercooling degree is needed to induce the occurrence of ice nucleation, resulting in lower expectation
temperatures of —15.57°C and —17.13°C for the maximum freezing probability. This is due to the stable
Cassie-Baxter wetting state caused by the micro-cubic structures with lower Sms of 30 pm and 40 pm.
However, the micro-cubic structures with larger Sm (i.e., Sample 3—6) cannot well maintain the formed
Cassie-Baxter wetting state, which easily transfers into the Wenzel wetting state. As a consequence, the
expectation temperatures to induce the maximum freezing probability almost keep the equal level to the
value for Sample 7, where the original wetting regime belongs to the Wenzel wetting state. It should be
noted that the volume of reference droplet has been smaller due to evaporation as the time goes, and
smaller droplet will cause the higher temperature for the occurrence of ice nucleation or the maximum
freezing probability [35-37].
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Figure 6: The Gaussian fitting curve of freezing probability distribution on the series of sample surfaces
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From another perspective, the survival curve is defined as [38,39]:
3)

where F(T) reflects the relationship between temperature 7" and fraction of unfrozen events, c is the cooling
rate, and N(T) is the number of unfrozen events. As shown in Fig. 7a, the survival curves for all these samples
well conform to the typical characteristics on the crystal nucleation. The temperature for 50% unfrozen
events is defined as the ice nucleation temperature, which is a statistical concept [40]. Obviously, the ice
nucleation temperature can quantitatively reflect the ability of the micro-cubic structures inhibiting ice
nucleation, and the results of ice nucleation temperature are in great agreement with the peak values of
Gaussian fitting curves. The statistical analysis is an effective method to quantitatively analyze the ice
nucleation behavior on the surface of the designed ice-repellent material.
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Furthermore, the molecular dynamic simulation results of water molecules changing into ice are shown
in Figs. 7b and 7c, and further reveal the effect of surface microscopic structure configuration on the ice
nucleation behavior. On the flat surface, ice crystal is disordered stacking structure without orientation, as
shown in Fig. 7c. However, ice crystal is more likely to condense in the interval between the microscopic
structures on the surface, as shown in Fig. 7b, finally causing longer ice nucleation time. The results well
verify the decisive influence of interface wetting state on ice nucleation in the perspective of nanoscale.

3.4 Ice Nucleation Rate

Ice nucleation rate is the significant characterization parameter of ice nucleation, which can also be
calculated by classical nucleation theory. All these samples have the same chemical composition.
Therefore, the ice nucleation rate is mainly determined by microstructure configuration. To further
investigate the effect of these microstructure configuration on ice nucleation rate, we assume that
heterogeneous nucleation occurs at the water/silicon interface and the water droplet is 6 pl, whose
schematic diagram is illustrated in Fig. 8a.
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According to classical nucleation theory, the solid-liquid interface nucleation rate can be expressed as [41]:

kT [_ AQd_lﬁv(T)] oo [_ AGH(T)f (6, T)}

Ju(T) = n x —exp | - =S -

; @

where  is the molecular surface density of water (1019 cm ), k is the Boltzman constant with 1.38 x 10~
J/K, h is Planck constant with 6.626 x 107>* Js, AQui (T) is the diffusion activation energy at certain
temperature, AG*(T) is the critical Gibbs free energy, and f(0,T) is the wetting parameter at a certain
temperature. These parameters are given by [42,43]:

kT?E
AQuiy (T) = T_np o)
i 16T VT2
AGHT) = 3 AH, (T, —T) ©
f(0) = 3(2 + cos0)(1 — cosh)® (7)

where 7Ty = 118 K and £ = 892 K the fitting parameters [44], T}, is the melting point of water droplet with

273.15K, AH,, , is the latent heat of fusion with 3.06 x 108 J/m >, y=[28 + 0.251_273.15] X 107> J/m™ > is the

interface energy between ice and water [45,46], and 0 is the WCA at certain temperature. Furthermore, the

bulk nucleation rate can be written as [41]:

kT AQuin (T AGH(T
[_ Qaiy ( )} exp [_ ( )}

! .
Joutk(T) = n' x 5 CXP T

T @®)

where 7’ is the molecular volume density of water with 3.1 x 1028 m ™. Since the homogeneous nucleation
occurs on liquid-gas contact interface, the liquid-gas nucleation rate and total nucleation can be expressed as
[41,47,48]:

Jp(T) = %Jbuzk(T) ©)

Jtotal(T) = Jsl(T)Ssl +Jlg(T)Slg +Jbulk(T)V (10)

D 13V . . .
where Sy; = nry? the apparent solid-liquid contact area, |, = '/=—sin0 is the radius of the apparent solid-
T r

liquid contact area, Sj, = 4mr? is the liquid-gas contact area, r = is the radius of the water droplet,

1
sin0
and V is the volume of water droplet. The nucleation rate was calculated to further analyze the ice
nucleation behavior on the serie of sample surfaces [49]. The Bulk, liquid-gas, solid-liquid, and total ice
nucleation rates on Sample 1 with micro-spacing distance of 30 um are calculated, as shown in Fig. 8b.
Due to the corresponding change trend among the Bulk, liquid-gas, solid-liquid, and total ice nucleation

rates is almost in a line, so that the other calculated results are not shows individually.

The surface microstructure configuration mainly produces a certain effect on the solid-liquid interface
ice nucleation, and the solid-liquid interface ice nucleation rate Jg(7) is also calculated and shown in
Fig. 8c. It is obvious that the Jg(T') on Sample 2 is less than that of Sample 1. This is mainly attributed
to the relationship that the solid-liquid interface actual contact area Sy on Sample 1 is ~1.78 times larger
than that of Sample 2 under the same Cassie-Baxter wetting state. Larger Sy of Sample 1 can greatly
reduce the surface nuclear-shaped barrier, leading to smaller Jy (7). However, the other samples (i.e.,
Sample 3-7) well conforming to Wenzel wetting model also exhibit the corresponding trend with the
value of S5. As for total ice nucleation rate, it is mainly governed by the Bulk ice nucleation rate
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Joulk(T'), which is ~6 orders of magnitude higher than the Jy(7'), as shown in Fig. 8b. In consequence, all
these samples exhibit the almost equal value to total ice nucleation rate, except Sample 7 with enough
large Sy.

4 Conclusions

In conclusion, we prepared a group of micro-cubic array structures on silicon sample surface by a
selective plasma etching technique, and statistically explored the heterogeneous ice nucleation behavior.
The as-constructed micro-cubic array structure surfaces also exhibited higher non-wettability with the
water contact angle being up to 150°. On this basis, 500 cycles of freezing and melting processes were
accurately recorded to analyze the instantaneous ice nucleation via the statistical results on freezing
temperature. As a consequence, the micro-cubic array structures with the micro-spacing distance of 40
pum needed higher supercooling degree to induce the occurrence of ice nucleation, resulting in lower
expectation temperatures of —17.13°C for the maximum freezing probability. This is due to higher
stability of Cassie-Baxter wetting state on the sample surface with smaller micro-spacing distance.
Furthermore, the gradually increasing micro-spacing distance to 60 pum would induce the transition from
Cassie-Baxter wetting state to Wenzel wetting state, leading to higher freezing probability. Finally, this
conclusion was well verified by the calculated ice nucleation rate based on the classical nucleation theory.
This work will promote the mechanism understanding of surface microstructure configuration impeding
heterogeneous ice nucleation for the design and construction of ideal icephobic materials.
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