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ABSTRACT 

While static electric fields have been effective in controlling ice nucleation, the highest freezing 

temperature (Tf) of water that can be achieved in an electric field (E) is still uncertain. We performed a 

systematic study of the effect of an electric field on water freezing by varying the thickness of a 

dielectric layer and the voltage across it in an electro-wetting system. Results show that Tf first increases 

sharply with E, and then reaches a saturation at -3.5 °C after a critical value E of 6 × 106 V/m. Using 

classical heterogeneous nucleation theory, it is revealed that this behavior is due to saturation in the 

contact angle of the ice embryo with the underlying substrate. Finally, we show that it is possible to 

overcome this freezing saturation by controlling the uniformity of the electric field using carbon 

nanotubes. We achieve a Tf of -0.6 °C using carbon nanotubes based electrodes with an E of 3 × 107 

V/m. This work sheds new light on the control of ice nucleation and has the potential to impact many 

applications ranging from food freezing to ice-production.  

Key words: Electro freezing, interfaces, carbon nanotube, supercooling, freezing temperature, 

freezing saturation, heterogeneous nucleation 
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INTRODUCTION 

Water freezing is important in the natural world pertaining to climate change, sea level change and 

survival of polar wildlife. It is also crucially relevant in many industrial applications including anti-

icing 1-3 of aerodynamic surfaces and power transmission lines, ice production for cold thermal storage 

4-5, fast food 6 and freezing desalination 7. While effective control of ice nucleation (nucleation 

temperature, nucleation rate and ice crystal size, etc.) under different environmental conditions is highly 

desirable 8-11, in reality it has proven to be incredibly challenging. This is partly because water does not 

usually freeze at its equilibrium melting point but has significant supercooling 12-14 which has a profound 

impact on energy consumption. In addition, supercooling puts water in a metastable state 15-16 making 

it difficult to predict its behavior and hence control for various applications listed above. 

Nucleation agents, mechanical vibrations, sinusoidal electric current and static electric field have 

been investigated to overcome supercooling 6, 17. Nucleating agents are the most widely used, however 

disadvantages include liquid pollution and transport pipeline blockage due to particle agglomeration 18-

19. Other techniques to control supercooling have been mostly investigated on small water volumes with 

varying degrees of success. While theory and simulation have shown that the use of static electric field 

as promising for nucleation and supercooling control 20-22, the experimental evidence is mostly limited 

to small water droplets (< 20 µl). This makes it difficult to extrapolate its effectiveness for bulk water 

as shape (geometry) of water droplet also influences supercooling 23-24. To the best of our knowledge, 

there are only a few publications on thin films of water (planar geometry that resembles bulk water), 

however the electric field strength (E) was limited to 1×106 V/m and the highest freezing temperature 

(Tf) reported was -5.68 °C 25-26. However, the answer to two important questions is still unknown: what 

range of E can affect supercooling and is it possible to freeze water at 0 °C under high E?  
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Herein, we report the effect of electric field on ice nucleation (freezing temperature) through 

systematic control of the strength of the external electric field, which was achieved via applying 

voltages across a dielectric layer in an electro-wetting system 27. As reported by others 25-26, 28, we also 

observed that supercooling decreased (or Tf increased) sharply with the E, however we observed that 

there is critical electric field strength (Ec) above which the increase in the strength of the electric field 

has diminishing returns. We provide a mechanistic understanding of this freezing saturation behavior 

using a simple heterogeneous ice nucleation model. Finally, we also show that by controlling the 

distribution of electric field using carbon nanotubes (CNT), Ec can be increased and near zero (Tf = - 

0.6 °C) can be achieved.   

RESULTS AND DISCUSSION 

Since nucleation is stochastic 29-31 and easily affected by many factors, a statistical method is 

required to measure the freezing temperatures 32-33. Freezing properties were investigated by an 

experimental platform typically used for studies of electro-wetting 27, details of which are provided in 

the Experimental Procedures section. Briefly deionized water was contained in a PDMS coated 

aluminum cup where thickness (d) of PDMS was 20 µm (see details in Experimental Procedures). An 

aluminum cup worked as one of the electrodes and the other electrode was a thin metal wire that was 

immersed in water. For electro freezing studies, voltage (U) was applied between these electrodes as 

shown in Figure 1a and b. As the electric resistivity of PDMS (4 x 1013 ohm-m) is approx. 6 orders of 

magnitude higher than that of DI water (2 x 107 ohm-m), the major voltage drop is across the PDMS 

layer. Under this situation, there is a strong electric field across the dielectric layer of PDMS (Figure 

1b), the strength of which is given by E = U / d. The advantage of the electro-wetting setup is that the 

dielectric layer (PDMS) prevents both current flow and voltage drop across the liquid, thus electro-
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freezing effects can be solely attributed to the near-surface electric field 24, 28.  

 

Figure 1. Electro-freezing setup and experimental data acquisition. (a) Schematic of the setup used 

for electro-freezing experiments where the deionized water was contained in a PDMS coated aluminum 

cup. A wire was immersed in the deionized water and the voltage was applied across the wire and the 

aluminum cup, which resulted in a strong electric field E across the dielectric layer of PDMS as shown 

in (b). The optical camera was used only to capture the solid and liquid phases as shown as insets in 

Figure 1c, and was not used to determine the freezing temperature. (c) Temperature-time curve showing 

the onset of freezing. The temperature of the water was decreased linearly at the rate of 2 °C min-1 until 

there was a sudden temperature jump to 0 °C due to the release of latent heat. The point just before the 

sudden jump in temperature was taken as the freezing temperature (Tf) for each measurement. Inset 
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shows pictures of the sample in liquid and solid phase during the experiment, the scale bar is 2 mm. 

For all the experiments, the temperature (T) of the sample was decreased linearly at the rate of 2 °C 

min-1 until nucleation occurred. The beginning of nucleation was accompanied by a sudden temperature 

jump to 0 °C due to the latent heat release (Figure 1c), after which the sample cooled to the substrate 

temperature. This frozen sample was then heated back to room temperature to complete a cycle. For the 

same water sample, 100 such cycles (iterations) were performed under different electric field as shown 

in Figure 2a. Using this experimental data, we generated a “survival curve” (Figure 2b), which is 

defined as the number of the samples frozen at T divided by the total number of samples 32. The survival 

curve represents the temperature window in which the water sample froze during the 100 cycles (Figure 

2b) and the width of this curve highlights the stochastic nature of heterogeneous nucleation. As shown 

in Figure 2b, the presence of the electric field shifted the survival curves to higher freezing temperatures, 

although the width of the survival curves remains almost the same suggesting that even in the presence 

of the electric field, the nucleation process was stochastic in nature. From the survival curve, we get Tf, 

which is defined as the temperature at which on average 50 % of the samples was frozen. Differences 

in the freezing points obtained from the survival curves with those obtained from the average of 100 

freezing cycles are within 0.2 °C, as shown in Figure S1. The experimental results clearly show that U 

elevated Tf (Figure 2c) and that in the absence of the electric field, the Tf, was -9.1°C, which increased 

to -4.9 °C at 45 V (E = 2.25×106 V/m).  

Voltages higher than 45 V could not be achieved due to limitations of the experimental set-up, 

hence the thickness d of the PDMS layer was reduced to understand the effect of stronger electric fields. 

Various samples with d ranging from 20 µm to 1.5 µm were used. Note that the E across the thinner 

films was in an order of 107 V/m, still below the PDMS breakdown strength of 2.5 × 108 V/m 34. The 
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effect of the electric field from all the samples is summarized in Figure 2d, which shows that the Tf 

first increases sharply with E, and when E exceeds 6 × 106 V/m, the increase in Tf is only marginal, 

exhibiting freezing saturation at -3.5 °C. A similar phenomenon has been reported by Carpenter and 

Bahadur 28 for water droplets (5 µL) where the freezing saturation at -17 °C was found at the critical 

electric field strength of 2 × 107 V/m. In our case, the freezing saturation temperature was at much 

higher temperature due to the use of bulk water instead of a water droplet.   

 

Figure 2. Experimental results. (a) The freezing temperature Tf as a function of number of cycles 

(iteration) under three representative voltages on the 20-µm-thickness PDMS surface. (b) Survival 

curves under three representative voltages on the 20-µm-thickness PDMS surface. The survival curve 

represents the temperature window in which the water sample froze during the 100 iterations and width 

of this curve highlights the stochastic nature of heterogeneous nucleation. (c) The freezing temperature 
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Tf as a function of applied voltage U on the 20-µm-thickness PDMS surface. (d) The relationship 

between the freezing temperature Tf and electric field strength, E. Black squares represent results from 

the 20-µm-thick PDMS surface under different U; red circles and blue triangles represent results from 

samples where the PDMS thickness was varied from 20 µm to 1.5 µm (from left to right in the figure) 

under 20-V and 45-V voltage respectively. 

Using a simple classical nucleation model, we provide a mechanistic understanding of 

supercooling under a static electric field. Considering the effect of the substrate on both the nucleation 

barrier and the transport process, the heterogeneous nucleation rate (J) is given by35 

 J = J0 exp [- ΔG* / (k T)] (1) 

where J0 is the prefactor, k is Boltzmann’s constant, ΔG* is the free energy barrier in heterogeneous 

nucleation,  

 ΔG* = max [ΔG(R)] = max [f (4 π R2 γiw – 4/3 π R3 ΔGv)] (2) 

where ΔG(R) is the free energy change associated with the formation of an ice nucleus as a function of 

the ice nucleus radius R, f is a surface factor that accounts for surface roughness (Rs) and the contact 

angle of the ice embryo (θi) with the substrate, γiw is the ice-water interfacial tension. ΔGv = Hv ΔT / Tm 

is volume free energy change, Hv is the volumetric latent heat, Tm is the equilibrium melting point, ΔT 

is the subcooling (Tm - T). Mathematically, ΔG* is defined by d ΔG (R) /d R = 0, which leads to the 

following equation 

 ΔG* = 16π γiw
3Tm

2 f / 3 Hv
2 ΔT2 (3) 

For nucleation under E, previous studies have demonstrated that the free energy of water ΔG(R), 

has an additional electrostatic component (ΔGE) caused by the free energy difference between ice and 

water36  
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 ΔG(R) = f [4 π R2 γiw – 4/3 π R3 (ΔGv + ΔGE)] (4) 

Here ΔGE can be expressed as 

  ΔGE = -1/2 ε0 εw (1 – εi / εw) (2 + εi / εw) E2 (5) 

where ε0 is the permittivity of vacuum, εw and εi are dielectric constants of water and ice, respectively.  

Substituting Equation (4) into Equation (2) and performing the same mathematical derivation, we can 

write ΔG* in a similar form to Equation (3) 

 ΔG* = 16π γiw
3Tm

2 f / 3 Hv
2 (ΔT + ΔGE Tm / Hv)2 (6) 

Here, ΔT is the supercooling without electric field. The second term in the brackets demonstrates the 

temperature change due to the electric field and can be defined as  

  ΔTE = ΔGE Tm / Hv (7) 

For our experiments, the maximum E was 3×107 V/m. Under such an electric field, ΔGE = -1.10×104 

J/m3 (Equation (5)) where the values of dielectric constants of water and ice were used from the 

literature. 37 Inserting ΔGE and Hv = 3.34×108 J/m3 in Equation (7), ΔTE is 9.0 × 10-3 °C which is 2-3 

orders magnitude smaller than ΔT (more than 2 °C). That means ΔGE is negligible and hence can be 

omitted in our case. Similar conclusions have been reached by previous studies 37-38; especially 

molecular simulation studies have shown that the field strength required to cause freezing in bulk water 

should be in the order of 109 V/m 39. Another possible mechanism reported in the literature is that the 

applied electric field may cause a mechanical perturbation into the liquid, such as in electro-wetting 

induced liquid spreading 27. These perturbations in a liquid typically occur as soon as the electric field 

is turned on. In our experiment, the electric field was applied at the very beginning of the cooling 

process when the temperature of the liquid was above zero (@10 °C), so any perturbation due to applied 

electric field should have minimal effect on the supercooling. 
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So how does the electric field affect ice nucleation? The analysis above has shown that the ΔGE 

has little effect on Tf. In Equation (1), according to Fletcher40, the prefactor J0 is related with two factors. 

One is the number of molecules in contact with the substrate. In our cases, the freezing samples are thin 

liquid films. The electric field did not change the shape of the film and the area of the contacting surface, 

so the numbers of molecules in contact with the substrate for both cases (with E or not) should be same; 

the other one is the diffusion activation energy of a water molecule to cross the water/ice interface, 

which is also not affected by E33, 40. Although some studies have demonstrated that the electric field can 

enhance the translational diffusion of water41-42, however, in these cases water is confined in sub-nano 

and nano-spaces, which are quite different from our case. Based on these considerations, we assume J0 

to be constant and hence independent of E. It is possible that under the applied electric field, there is a 

change in substrate-ice interactions owing to the presence of the electrical double layer near the 

substrate as reported for water droplets in the literature37. These substrate-ice interactions are accounted 

for in the factor f. To quantify the effect of electric field on f, we carried out systematic measurements 

of the induction time (τ) as a function of subcooling ΔT by adopting an experimental approach used by 

Zhang et.al.8, details of which are provided in the Experimental Procedures section. Figure 3a shows 

the experimental data of τ with ΔT under different E. Using correlation J = 1/ τ V, where V is the volume 

of water, we plotted J as a function of ΔT as shown in the Figure 3b. By using Equation (8), we need 

to fit for both J0 and f  

  ln J = ln J0 - Ω f / T ΔT2 (8) 

where Ω = 16π γiw
3Tm

2 /3k Hv
2 is a scaling factor proportional to the nucleation barrier. As mentioned 

earlier J0 is independent of E, and since ΔT is related to E, f is a function of E. Hence, we only varied 

the value of f for fitting the experimental data under electric field. The experimental and fitted results 
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for J are shown in Figure 3b. Figure 3c shows the fitted values of f and its variation with E, emphasizing 

that the f only decreases sharply with E in the beginning and then stays almost constant when E exceeds 

6×106 V/m.  

 

Figure 3. Nucleation model. a) The experimentally measured induction time τ as a function of subcooling 

ΔT. b) Experimental and fitted nucleation rate J as a funtion of ΔT. The experimental J can be obtained 

through J = 1/ τ V, where V is the water volume. J from water freezing on 20-µm PDMS without an electric 

field (Black square), 20-µm PDMS under 20-V voltage (violet triangle), 20-µm PDMS under 45-V voltage 

(navy diamond), 7.1-µm PDMS under 45-V voltage (purple right-triangle) and 1.5-µm PDMS under 45-V 

voltage (yellow circle). (c) Fitted f versus the electric field strength E.  

As mentioned earlier, the factor f accounts for substrate-ice interactions and is governed by the 

energy 43-44 and geometry of the involved interfaces 45-46. Owing to substrate-ice interactions, the free 

energy barrier for heterogeneous nucleation (ΔG) is reduced when compared to that for homogenous 
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nucleation (ΔGhomo) by f = ΔG / ΔGhomo (0 < f < 1). Using classical nucleation theory that assumes that 

the ice embryo is spherical with a contact angle θi (Figure S2), f can be expressed as:  

  f = 1/2 + 1/2[(1 – m x) / w]3 + 1/2 x3 {2 – 3(x – m) / w + [(x – 

m) / w]3} + 3/2 m x2 [(x – m) / w – 1] 
(9) 

where w = [1 + x2 – 2 x m]1/2, x = Rs / Rc, Rc = 2 Tm γiw / Hv ΔT is the critical ice nucleus radius, m = cos 

θi and Rs is roughness of the surface. Our atomic force microscopy (AFM) measurement (Figure S3a) 

shows that Rs of the PDMS surface is around 100 nm that is an order of magnitude larger than Rc (4 to 

11 nm) at the experimental subcoolings. Thus, f can be simplified as 

  f = (2 + m) (1 – m)2 / 4 (10) 

From Equation (10) we can see f decreases with the increase of m. For ice nucleation, m has a physical 

meaning of the structural match between the surface and ice. According to Liu et al. 47, m can be 

expressed as 

  m = (γsw – γsi) / γiw = (γsw - Ʌ δ) / γiw (11) 

where γsi and γsw are the substrate-ice and substrate-water interfacial energies, respectively, Ʌ is a 

constant, δ = (ai – as) / as is the degree of mismatch between ice and the substrate, ai and as are ice and 

substrate lattice parameters, respectively. Previous studies demonstrated the heterogeneous nucleation 

is always affected by the structure of the interfacial water adsorption layer, i. e., the transition layer of 

a few nanometers between the substrate and ice nucleus 27, 48-50. Other work suggests that ice nucleation 

rarely occurs directly on the substrate but rather on top of water layers adsorbed on the solid substrate 

51-52. Under this assumption, the δ represents the lattice mismatch between ice and the adsorbed water 

layer. In addition, many studies have shown that the electric field near the surface can restructure or 

reorder water molecules in the adsorption layer 53-54. Using Equation (11), we hypothesize that the 
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electric field reduces δ, due to the re-ordering of water molecules. The maximum m can be reached 

when δ = 0, i.e., there is no mismatch, and mmax = γsw / γiw. This could be the reason why there is a limit 

for electro-induced freezing on a flat surface.   

We wanted to investigate if nano-structuring of the surfaces could affect the freezing saturation. 

Using a similar electro-freezing platform as shown in Figure 1a, we replaced the PDMS coated flat 

aluminum surface, with a vertically aligned carbon nanotube (CNT) array coated with PDMS (see 

details in Experimental Procedures). The average thickness of the top layer of the PDMS is about 1.5 

μm (Figure 4d), and the roughness of the PDMS on CNT array is about 1 µm (Figure S3b). Figure 4a 

– 4d show the scanning electron microscope (SEM) images of top and cross-sectional views of CNT 

array before and after coating. The PDMS coating resulted in a collapse of CNTs into bundles as seen 

in Figure 4e, and analysis of the cross-sectional SEM images, revealed the average diameters of CNT 

bundles lay between 3-5 μm.   

We carried out freezing measurements on these CNT-based electro-freezing platforms, and the 

results are shown in Figure 4f. Under no electric field, the freezing point of deionized water on PDMS 

coated CNT array (PDMS-CNT) was -8.3 °C, which was close to that observed on PDMS-Al (-9.1°C). 

Although the surface roughness of PDMS-CNT was quite different from that of PDMS-Al, the Tf on 

these two PDMS surfaces in the absence of electric field was remarkably similar. This signifies that Rs 

has little effect on Tf when Rs is much larger than Rc. However, under the electric field, the freezing 

temperature trend for PDMS-CNT was quite different as Tf on PDMS-CNT did not saturate at 6×106 

V/m and kept increasing until the value reaches to -0.6 °C, which is quite close to the melting point. 

In both cases (PDMS-Al and PDMS-CNT), the PDMS surface was in contact with water and hence 

m should be the same as it reflects the interaction and the structural match between the surface and ice 
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according to Equation (11). We believe that the change of freezing behavior on PDMS-CNT could be 

due to the non-uniformity of the electric field caused by heterogeneous distribution of CNT bundles in 

the sample. As can be seen from Figure 4e, the CNTs collapsed into bundles of 3-5 microns diameter. 

This resulted in a non-uniform distribution of CNTs leading to areas with high density of CNTs and 

areas without CNTs as shown in the schematic in Figure 4g. We believe that this non-uniformity of 

CNTs in the sample resulted in a non-uniform electric field across the PDMS. It is known that any 

dielectric (water in our case) when placed in non-uniform electric field, is affected by the volumetric 

electro-strictive forces, which tend to deform the dielectric and move it to the region of the stronger 

field 55-56. This force may generate micro-flows near the substrate, which is a potential driving 

mechanism for ice nucleation 57. The reason is that the micro-flow near the surface causes a disturbance 

into the liquid and increases the possibility of water molecules across the phase boundary between ice 

and water. It has been reported that these mechanical perturbations (agitation or fluid shear) increases 

the prefactor J0 58-60. In our case, the prefactor J0 increased due to the mechanical perturbations caused 

by a non-uniform electric field. Based on Equation (1), the increase in J0 resulted in a higher nucleation 

rate, which could be the reason for near –zero Tf for PDMS-CNT. However, this requires further 

investigation in the future. We aim to extend this study to carbonaceous materials (graphene, 

functionalized carbon nanotubes etc..) to understand which kind of a carbon surface can be a good 

descriptor for ice nucleation under an electric field.38, 61-64  
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Figure 4. Freezing results on CNT-PDMS composite. (a) Top-view (the scale bar is 2 μm) and (b) side-

view (the scale bar is 20 μm) of CNT array before coating. (c) Top-view (the scale bar is 2 μm) and (d) side-

view (the scale bar is 5 μm) of CNT array after coating. (e) Side view SEM shows the CNT bundles on the 

alumina substrate, circled by dash line. The scale bar is 30 μm. (f) The freezing temperature Tf  versus 

electric field strength E on PDMS – CNT (red circular points). The results on PDMS - Al (black square 

points) are also shown for comparison. (g) Possible micro-scale mechanisms. The electric field strength is 

not uniform at the solid-liquid interface, which may cause micro-flow near the surface and facilitate ice 

nucleation.  

A key element missing in our work and in the literature on electro freezing is a molecular level 

understanding of the interfacial mechanisms underlying nucleation and subsequent ice formation. Here 

it is important to be able to probe the hydrogen bond dynamics occurring between the electrified 
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interface and bulk liquid water 65. The IR and THz region of the water spectrum is highly affected by 

its hydrogen-bonding environment and is thus an excellent probe for the effect of electric field on its 

properties. Attenuated Total Reflection Spectroscopy (ATR), which allows direct insight into the 

interface and the double layer, could be readily applied to our experimental platform.  For our future 

work, we plan to design chip based ATR devices coupled to microfluidics, electrodes and 

heating/cooling elements which could be transported between traditional Fourier Transform Infrared 

Spectrometers and broadband THZ and IR lasers to provide a comprehensive picture of the vibrational 

spectroscopy of water 66. The Si based ATR chip can also be functionalized and impregnated with novel 

nano-structured electrodes to probe local electric fields. We note that there is an extensive literature on 

the application of molecular dynamic simulations awaiting experimental verification and our proposed 

methods and future work will go some way in this direction.  

CONCLUSION  

    In summary, we systematically investigated external electric-field effects on heterogeneous 

nucleation in bulk water. Increase of the freezing temperature has been found below a critical electric 

field strength, above which the freezing temperature does not change much. The phenomena may be 

attributed to the change of ice contact angle on the substrate under a static electric field. We also found 

the saturation of the freezing point can be eliminated by using a nano-structured electrode. These 

observations shed new light on the control of ice nucleation and has the potential for extended 

applications in both anti-icing and efficient ice-production. 

EXPERIMENTAL PROCEDURES 

Materials. Vinyl-terminated PDMS (v-PDMS, Mw = 95 kg/mol), hydride-terminated PDMS (h-PDMS, 

Mw = 1.3 kg/mol) and trimethyl-terminated PDMS (t-PDMS, Mw = 28 kg/mol) were purchased from 
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Sigma-Aldrich. 

PDMS gel layer fabrication. The PDMS gel was synthesized via hydrosilylation of v-PDMS with h-

PDMS.67-68 Briefly, the v-PDMS and h-PDMS in a ratio of 10:1 were mixed with the 50% weight of t-

PDMS. The mixture was then degassed in a vacuum oven for 30 mins and spin coated onto the 

aluminum surface as an electrode. The thickness, d, was controlled by the coating time and spinning 

speed. Finally, the coated electrode was cross-linked in an oven at 70 °C for 24 hours. 

PDMS-CNT composite fabrication. CNT arrays were grown on Si substrates by CVD using an 

automated wafer-scale CVD system for carbon-based material growth (Aixtron Black Magic Pro). A 

10-nm thick Al2O3 layer and a 2-nm thick Fe layer were deposited on the Si wafer by e-beam 

evaporation. MWCNT arrays were grown in the tube furnace at 770 °C using ethylene as the carbon 

source. CNT diameters were 18 nm and lengths were 70 - 100 µm. After the CNT growth, an aluminum 

tape was placed on the top of the CNT array and the CNT array was then peeled off from the Si wafer 

onto aluminum tape. The PDMS gel was then drop casted onto the CNT array and cured at 70 °C for 

24 hours. The schematic in Figure S4 shows the fabrication process.  

Surface characterization. Surface morphology was observed with a scanning electronic microscope 

(SEM), and the roughness was measured using an atomic force microscope (AFM). The thickness of 

PDMS on aluminum was measured by using an optical profiler, and the thickness of PDMS on top of 

CNT array was measured from the cross-sectional SEM images of PDMS coated CNT samples. Each 

thickness is an average thickness of 5 different points of the sample. 

Freezing measurement. The experiments were conducted in an environment with constant temperature 

of 20 °C and relative humidity of 20 %, respectively. To avoid the effect of airflow, the freezing sample 

was placed inside a glass chamber, whose size is slightly larger than that of the vial. In case of 
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evaporation of liquid and condensation of the vapor in the chamber, the freezing sample was covered 

by a thin oil film. Note that the film is still transparent allowing the camera to capture the ice nucleation 

process. The cooling surface temperature was controlled by a Peltier cooling system with a water 

circulation and temperature controller. A thermocouple probe with a resolution of 0.1 °C was first 

coated with a PDMS gel layer to avoid nucleation on itself, and then inserted into the liquid and kept 

contact with the bottom surface to monitor the temperature of liquid/ice. During the experiment, the 

temperature difference between the cooling surface and vessel bottom surface was no more than 0.2 °C.  

Nucleation rate and induction time measurement. Figure S5 describes the methodology to measure 

the induction time. The nucleation surface was cooled rapidly to a constant temperature below the 

melting point (surface subcooling), after a period of induction, the onset of nucleation occurs with a 

sudden temperature increase. Using this method, induction times under different subcooling were 

recorded 64, 69. In all experiments, the duration of rapid cooling is far less than the induction time and its 

effect on nucleation can be omitted. Every induction time test was repeated at least 10 times, and the 

average value was applied to further data processing. Based on the measured data, we estimate the 

average nucleation rate to be J = 1 / τ V0, where V0 is the volume of the freezing sample. 
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Figure S1. Comparison between the freezing temperatures obtained from the survival curve and 

the average values of 100 cycle experiments. The differences between them are within 0.2 K. 
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Figure S2. Schematic illustration of Ice nucleation on a substrate with a roughness Rs (the 

curvature of the surface). The ice embryo is assumed to be in a spherical-cap shape with a 

curvature radius Rc. θi is the contact angle between the ice embryo and the substrate and 

determined by the interfacial tensions of ice-substrate (γis), water-substrate (γsw) and ice-water 

(γiw), cos θi = (γsw - γis) / γiw. 
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Figure S3. The AFM images of PDMS-Al (a) and PDMS-CNT surfaces (b) in contact with the 

water. The roughness of surface (a) and surface (b) is about 100 nm and 1 µm, respectively.  

 

  

 

 

 

 

 



S5 
 

 

 

Figure S4. The fabrication process of PDMS-CNT composite. CNT arrays were grown on Si 

substrates by a chemical vapor deposition method (CVD) (a). After the CNT growth, an 

aluminum tape was placed on the top of the CNT array (b) and the CNT array was then peeled 

off from the Si wafer onto aluminum tape (c, d). The PDMS gel was then drop casted onto the 

CNT array (e) and cured at 70 oC for 24 hours (f).  
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Figure S5. Temperature history during the measurement of the induction time. The nucleation 

surface was cooled rapidly to a constant temperature below the melting point (surface subcooling), after a 

period of induction, the onset of nucleation occurs with a sudden temperature increase. 
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