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Delaying surface icing using thermo-responsive liquids

Preventing water droplets from transitioning to ice is highly advantageous for numerous applications. Herein, we demonstrate that droplets condensing on certain highly supercooled phase change materials, referred to as thermo-responsive liquids (TRL) can exhibit freezing delay lasting up to 10-300 orders of magnitude longer than superhydrophobic surfaces under identical environmental conditions. The delayed freezing of droplets is primarily a consequence of the trapped heat release in their vicinity due to condensation, but is also affected by the morphology of solidified TRL surface and its miscibility in water. Regardless of the surface chemistry, TRL infused textured surfaces can show very low droplet adhesion when operated at temperatures below the corresponding melting point of the TRLs, thus engendering icephobicity even on hydrophilic surfaces. Beyond anti-icing, such materials can potentially be used in diverse industrial applications such as drag-reduction and condensation enhancement.

Ice formation on surfaces afflicts various energy and transportation industries worldwide, causing extensive economic losses each year. For instance, the freezing upon impact of cloudborne supercooled water droplets 1 leads to ice accretion that alters in-flight aerodynamics and causes failure of critical aircraft instruments; jeopardizing their performance [START_REF] Lynch | Effects of ice accretions on aircraft aerodynamics[END_REF] . Surface icing also causes expensive power outages [START_REF] Farzaneh | Atmospheric Icing of Power Networks[END_REF] and compromises the operational safety of marine vessels [START_REF] Dehghani-Sanij | Sea spray icing phenomena on marine vessels and offshore structures: Review and formulation[END_REF] , off-shore oil rigs [START_REF] Ryerson | Ice protection of offshore platforms[END_REF] and wind turbines [START_REF] Lamraoui | Atmospheric icing impact on wind turbine production[END_REF] . Strategies to mitigate such deleterious effects of icing seek to either facilitate ice removal or delay icing on surfaces. Current industrial solutions based on either of these strategies rely on active mechanical [START_REF] Laforte | State-of-the-art on power line de-icing[END_REF] , chemical [START_REF] Ramakrishna | Environmental impact of chemical deicers -A review[END_REF] and electrothermal de-icing techniques [START_REF] Elsharkawy | Combating Frosting with Joule-Heated Liquid-Infused Superhydrophobic Coatings[END_REF] which are both energy and cost intensive. Hence, considerable efforts have been directed into developing passive techniques to design "icephobic" surfaces that impede ice formation via decreased ice adhesion onto the surface by tuning water-surface interactions [START_REF] Attinger | Surface engineering for phase change heat transfer: A review[END_REF][START_REF] Kreder | Design of anti-icing surfaces: Smooth, textured or slippery?[END_REF] . The pursuit of this goal has led to the development of engineered surfaces that show extreme water repellency, such as superhydrophobic surfaces [START_REF] Cao | Anti-Icing superhydrophobic coatings[END_REF][START_REF] Tourkine | Delayed freezing on water repellent materials[END_REF][START_REF] Meuler | Exploiting topographical texture to impart icephobicity[END_REF][START_REF] Mishchenko | Design of ice-free nanostructured surfaces based on repulsion of impacting water droplets[END_REF][START_REF] Farhadi | Anti-icing performance of superhydrophobic surfaces[END_REF][START_REF] Jung | Are superhydrophobic surfaces best for icephobicity?[END_REF][START_REF] Guo | Icephobic/anti-icing properties of micro/nanostructured surfaces[END_REF][START_REF] Boreyko | Delayed frost growth on jumping-drop superhydrophobic surfaces[END_REF][START_REF] Schutzius | Spontaneous droplet trampolining on rigid superhydrophobic surfaces[END_REF] . However, superhydrophobic surfaces (SHS) are intolerant of high humidity [START_REF] Kulinich | Superhydrophobic surfaces: Are they really ice-repellent?[END_REF] and occurrence of ice/frost nucleation, randomly within their surface texture causes loss of superhydrophobicity [START_REF] Varanasi | Frost formation and ice adhesion on superhydrophobic surfaces[END_REF] . Superhydrophobicity also warrants special consideration of surface chemistry and topology; loss of which exacerbates the icing problem [START_REF] Kreder | Design of anti-icing surfaces: Smooth, textured or slippery?[END_REF][START_REF] Lv | Bio-inspired strategies for anti-icing[END_REF] . Although some of these difficulties can be overcome by using lubricant infused surfaces (LIS) [START_REF] Kreder | Design of anti-icing surfaces: Smooth, textured or slippery?[END_REF][START_REF] Lv | Bio-inspired strategies for anti-icing[END_REF][START_REF] Lafuma | Slippery pre-suffused surfaces[END_REF][START_REF] Wong | Bioinspired self-repairing slippery surfaces with pressure-stable omniphobicity[END_REF][START_REF] Kim | Liquid-infused nanostructured surfaces with extreme anti-ice and anti-frost performance[END_REF][START_REF] Smith | Droplet mobility on lubricant-impregnated surfaces[END_REF][START_REF] Yao | Adaptive fluid-infused porous films with tunable transparency and wettability[END_REF][START_REF] Golovin | Designing durable icephobic surfaces[END_REF][START_REF] Park | Condensation on slippery asymmetric bumps[END_REF][START_REF] Sun | Suppression of Frost Nucleation Achieved Using the Nanoengineered Integral Humidity Sink Effect[END_REF] , the lubricant itself is prone to depletion due to wicking into the frost [START_REF] Rykaczewski | Mechanism of frost formation on lubricant-impregnated surfaces[END_REF] , thereby necessitating periodic lubricant replenishment for restoring "slipperiness".

In this study, we introduce a new paradigm to delay ice formation on surfaces. We use materials that can trap the latent heat released during condensation to exist in a liquid state in the immediate vicinity of condensing water droplets, while still remaining in a solid state away from the droplets -even at large surface supercooling (ΔTs =Tsur-Tdp << 0°C, where Tsur is the surface temperature and Tdp is the dew point temperature). These materials, termed herein as thermo-responsive liquids (TRL), are organic phase change materials (PCMs) with melting points (Tmp) higher than the freezing point of water (Tfp). Typically, PCMs have been used in applications such as thermoregulation, thermal management/storage, data storage and drug delivery [START_REF] Zalba | Review on thermal energy storage with phase change: Materials, heat transfer analysis and applications[END_REF][START_REF] Sharma | Review on thermal energy storage with phase change materials and applications[END_REF] . Herein, we propose that their heat-trapping abilities can also be advantageously exploited to delay freezing of condensing droplets. The delayed freezing of droplets is a consequence of heat release due to condensation, but also depends upon the morphology of solidified TRL (henceforth referred as S-TRL) surface and its miscibility in water. Finally, micro-textured surfaces infused with TRLs operated below their respective Tmp resist TRL displacement out of the texture by water, thus engendering icephobicity even on hydrophilic surfaces.

Latent heat trapping in TRLs during vapour condensation

To establish TRLs' ability to trap the latent heat released during condensation, we selected cyclohexane as a test TRL and performed experiments by rapidly cooling 8 ml of the liquid to few degrees below its Tmp (6.52°C) in controlled environmental conditions (relative humidity, RH: 80%; air temperature, Tair: 25°C; Methods section) forming a 3.3 mm thick solidified film. As droplets condensed on solid cyclohexane (SCh), a myriad of unique droplet behaviours were observed continuing for a long duration. Firstly, the droplets (even smaller than the capillary length) showed very high mobility, gliding along the surface in a series of 'stick/slip' events. Secondly, as the droplets constantly moved along the SCh surface, they left distinct perimeter footprints at their previous locations (Fig. 1a and Supplementary Movie S01). Finally, it was observed that sometimes an intervening barrier film between the droplets delayed their coalescence (Fig. 1b). These observations are characteristic evidence of liquid cyclohexane in the vicinity of the droplets [START_REF] Steyer | Spontaneous jumps of a droplet[END_REF][START_REF] Narhe | Inverted leidenfrost-like effect during condensation[END_REF] . The competition between latent heat release and heat removal at the opposite faces of the SCh film leads to aperiodic solid-liquid-solid phase transitions of SCh beneath/around the droplets -engendering stochastic interfacial temperature gradient along the droplet contact line and their unique 'stick/slip' motion [START_REF] Narhe | Inverted leidenfrost-like effect during condensation[END_REF] . The droplet imprints and the barrier film between two coalescing droplets are remnants of the cyclohexane 'wettingridge' formed around the droplets because of interfacial interactions between water droplets and liquid cyclohexane [START_REF] Narhe | Inverted leidenfrost-like effect during condensation[END_REF] . The release of latent heat during condensation uniformly below a droplet, growing by vapour diffusion leads to a temperature increase at the substrate-drop interface given by where k, ρw, Lw, αs, and κs are the droplet growth constant, liquid water density, latent heat of condensation of water, thermal diffusivity and thermal conductivity of the substrate material respectively. For high thermal conductivity materials like Silicon, this temperature increase is negligible (~0.03°C), but for a low thermal conductivity material like SCh, the temperature increase can be significant (~3°C). Incorporating the heat transfer from the local environment, the total temperature increase at the SCh-air interface can be ~5°C -sufficient to cause localized SCh melting as observed in Fig. 1a-b (Supplementary Note 1).

Above arguments imply that the surface melting should be absent on highly supercooled SCh. However, the droplet 'stick/slip' motion, their footprints and the intervening barrier oil film were observed even when SCh was subjected to Peltier temperature (Tpel) of -15°C (Fig. 1c-d). Furthermore, such behaviour was also observed on solid cyclooctane (SCt) -a TRL with Tmp (~14°C) higher than that of cyclohexane (Fig. 1e-f) subjected to identical conditions. Additionally, water droplets remained in liquid state without undergoing freezing for an extended duration (>2 hours) on both SCh and SCt. Since Tfp remains unchanged on SCh/SCt because of their mutual immiscibility (Supplementary Note 2), these observations suggest that condensation heat release provided sufficient energy to cause local temperature increase greater than 10°Cand 20°C for the cases of SCh and SCt respectively. Although such temperature jumps can arise during condensation on aerosol nanoparticles [START_REF] Hinds | Aerosol technology: properties, behavior, and measurement of airborne particles[END_REF] , our experiments indicate that significant temperature jumps can also occur on subcooled TRL surfaces. These observations ΔT s ≈ kρ w L w πα s κ s can potentially be explained if we consider that the condensation mass transfer occurs primarily along the contact line of water droplets (Fig. 1g) wherein heat-transfer dominates [START_REF] Steyer | Growth of droplets on a substrate by diffusion and coalescence[END_REF][START_REF] Xu | Multiscale Dynamic Growth and Energy Transport of Droplets during Condensation[END_REF] -a phenomenon that may play a decisive role especially on low thermal conductivity materials [START_REF] Beysens | The formation of dew[END_REF] . Large temperature jumps, sufficient to locally melt solidified TRLs can potentially occur near the droplet contact line, provided that the length-scale (δ) of such heat transfer dominated region is <1 µm -a challenging task to measure and beyond the scope of the present work.

The non-uniform heat-flux distribution around droplets can have many consequences. For example, it could lead to uneven melting of S-TRL and convective flow within the condensing droplets and melt TRL film (Fig. 1g). The latter could also be subjected to the Laplace pressure at the water-TRL interface -similar to the case of vapour outflow in Leidenfrost droplets [START_REF] Biance | Leidenfrost drops[END_REF] . Consequently, the water droplets could be in partial or complete contact with TRL film of nonuniform thickness at any given instant that could then delay droplet freezing via two possible mechanisms. Firstly, the contact of water droplets with the insulating TRL film at a temperature higher than Tfp could make it thermodynamically unfavourable for icing to occur. Secondly, the relative smoothness of a liquid film beneath the droplets may increase the energy barrier for icing nucleation by eliminating the surface roughness ensued freezing of droplets. To elucidate the importance of surface melting in delaying freezing of droplets, we studied droplet freezing dynamics on supercooled SCh under conditions wherein its melting could be suppressed. A cold water droplet was deposited on SCh surface subjected to Tpel = -15°C in a very low humidity environment (4% RH) thereby precluding any condensation. It was found that the droplet froze within ~5 minutes of deposition (Fig. 1h-1i and Supplementary Movie S02), reconfirming that the condensation heat release plays a pivotal role in delaying freezing of condensing droplets on SCh.

Freezing delay potential of TRL

To put the freezing delay potential of S-TRL into perspective, we compared its anti-icing performance with superhydrophobic and Polytetrafluoroethylene (PTFE) surfaces under identical conditions (Tair: 25°C, RH: 80%). A nano-textured Silicon substrate (5.5 cm diameter) silanized with octadecyltrichlorosilane, exhibiting an average water contact angle (WCA) of 147° (Fig. 2a), was used as a representative example of superhydrophobic surface. The substrate was placed in a copper container and subsequently cooled to Tpel = -15°C. Because of large subcooling, high nucleation rate of droplets was observable on the surface accompanied by out-of-plane 'jumping-droplet' behaviour [START_REF] Boreyko | Self-propelled dropwise condensate on superhydrophobic surfaces[END_REF] . However, within 18±6 minutes an invading inter-droplet freezing wave engulfed the entire surface in a spate of freezing events (Fig. 2b). Next, we tested whether a hydrophobic surface with higher thermal resistance could perform better. A flat PTFE sample (5.5 cm diameter, 3.3 mm thick, WCA ~108°) was similarly subjected to Tpel = -15°C (Fig. 2c). Although thermal conductivity of PTFE (0.25 W/m/K) is significantly lower than that of Silicon (142.2 W/m/K), even droplets condensing on PTFE froze within 22±1 minute (Fig. 2d). Finally, we performed condensation-icing experiments under identical experimental conditions on SCh having thickness same as PTFE (3.3 mm). Upon freezing, SCh appeared to have a smooth surface. This was subsequently confirmed by imaging the SCh surface (Fig. 2e) in a Scanning Electron Microscope (SEM) using a replica moulding technique (Methods section) performed separately. As discussed earlier, droplets condensing on hydrophobic SCh surface (WCA ~104 o ) showed distinct behaviours compared to superhydrophobic or PTFE surfaces. Condensed droplets on SCh remained mostly unfrozen for as long as 229±25 minutes (Fig. 2f and Supplementary Movie S03). They froze eventually, primarily due to the gradual sublimation of cyclohexane itself which was further exacerbated by the inevitable "edge-effect" ensued freezing wave front propagation. Although SCh thermal conductivity is nearly the same as PTFE, yet the stark differences in the droplet motion and icing delay potential of SCh further illustrates that the latent heat trapping and surface melting is distinctive to SCh.

Icing delay on different solidified TRLs

To investigate whether surface melting and delayed freezing is observable on other TRLs with similar thermal properties, anhydrous TRLs were chosen; namely benzene (Tmp = 5.53°C), tetradecane (Tmp = 5.86°C), pentadecane (Tmp = 9.96°C), hexadecane (Tmp = 18.19°C) and dimethyl sulfoxide (DMSO, Tmp = 18.52°C) -a water miscible compound. Since surface structure can strongly influence nucleation behaviour, we first characterized the S-TRL surfaces by cooling them below their respective Tmp in a low humidity (15% RH) environment. Upon freezing, S-TRLs optically appeared (Fig 3a and Supplementary Movie S04) as transparent (e.g., SCh, SCt), semi-transparent (e.g., solid DMSO -referred henceforth as SD), or nearly opaque (e.g., solid hexadecane -referred henceforth as SH). Since the direct observation of solidified TRLs is not possible in SEM, we used the replica moulding technique (Methods section) to obtain the negative embossment of the corresponding surfaces on a photopolymer (Norland 80). The SEM of the hardened polymer revealed that TRLs had widely varying surface structure (Fig. 3b). SEM and optical images indicated that solidified tetradecane (ST), solidified pentadecane (SP) and SH have micro-structured surfaces (Supplementary Figures . S1-S3); in-line with previous observations that have shown that solidified n-alkanes have a macrocrystalline structure [START_REF] Maroncelli | Nonplanar Conformers and the Phase Behavior of Solid n-Alkanes[END_REF][START_REF] Craig | Investigation into the structures of some normal alkanes within the homologous series C13H28 to C60H122 using high-resolution synchrotron x-ray powder diffraction[END_REF] . On the other hand, cyclic alkanes (like SCh, SCt) and solid benzene (SB) have microcrystalline structure [START_REF] Obremski | Vibrational spectra of single crystals. polymorphic solids of cyclohexane[END_REF] and hence appear relatively smooth. Direct surface roughness measurements of S-TRLs were conducted next in a low humidity environment (5% RH) using a high magnification optical profilometer (Keyence 6000). It was found that ST has higher average roughness and Z-roughness (Supplementary Method 5.3) than SP and SH, while other S-TRLs have sub-microscopic roughness (Fig. 3d).

Following the characterization of S-TRL surface morphologies, we investigated condensation-icing dynamics on TRLs (8 ml) cooled down to Tpel = -15°C in a high humidity (80% RH) environment (Supplementary Movie S05). We evaluated the time when droplet freezing was first observed on S-TRL (referred as freezing initiation time) in the field of view and the total time it took for all the droplets on the entire surface to freeze (total freezing delay time). On SD, the combination of the condensation heat release and water miscibility causes continuous melting and mixing of the water-DMSO mixture, thereby preventing the freezing of the solution for >96 hours [START_REF] Havemeyer | Freezing point curve of dimethyl sulfoxide-water solutions[END_REF] . On SB the droplets showed the unique droplet 'stick/slip' motion similar to SCh/SCt. The microstructure morphology of ST, SH and SP surfaces occluded the visibility of condensed water droplets. We ascertained that while the 'stick/slip' motion of micro-droplets was still faintly visible on ST and SP, it did not appear at all on SH surface. Although ST and SCh have similar Tmp, droplets froze within 17±5 mins on ST and 57±3 mins on SH which showed no signs of surface melting. Putting the surface roughness measurements in the context of these results, it becomes perspicuous that higher the sample surface roughness, lower the droplet mobility and freezing delay (Fig. 3d) on it. The droplet size distribution on the surface just before freezing initiation revealed high droplet density with smaller inter-droplet distances on rougher surfaces (Supplementary Note 3). As a result, on ST, SP and SH surfaces, once nucleation initiates, the freezing front rapidly propagates over the entire surface, while on SCh, SCt and SB surfaces, it takes considerable time for it to spread resulting in isolated droplet freezing events.

Anti-icing potential of TRL infused textured surfaces

The discussion so far has been centred on the behavioural performance of TRLs in bulk. In the following part of the study, we investigate the dynamics of TRL infused micro/nano-textured surfaces. An oil film remains stably infused within a solid matrix in the presence of a water droplet provided the contact angle of the oil on the solid in the presence of water (θos(w)) is lower than the critical angle of impregnation (θc) i.e. when θos(w)<θc wherein θc=cos -1 [(1-ϕ)/(rϕ)], r is surface roughness and ϕ is the projected area of the surface occupied by the solid [START_REF] Smith | Droplet mobility on lubricant-impregnated surfaces[END_REF] . This condition can be achieved by attaching hydrophobic groups to a textured surface. [START_REF] Smith | Droplet mobility on lubricant-impregnated surfaces[END_REF] Thus when a water droplet interacts with a TRL (e.g. pentadecane) infused textured superhydrophobic surface fulfilling the above criterion, it shows very low adhesion and rolls down the composite surface regardless of the fact whether the sample is at room conditions (Fig. 4a, state I) of Tair = 23°C, RH = 24% or below the Tmp of TRL (Fig. 4a, state II) at Tpel = 2°C. On the other hand, when a water droplet under ambient conditions interacts with a textured surface that does not meet the aforementioned criterion (e.g. TRL infused hydrophilic surface), the droplet displaces the TRL out of the texture and gets strongly pinned on the surface (Fig. 4a, state III). However, this behaviour changes dramatically when the same TRL infused textured hydrophilic surface is operated below the Tmp of TRL (Tpel = 2°C). The freezing of TRL on and within the texture prevents its displacement out of the texture by water (Supplementary Movie S06). A droplet at room temperature has sufficient thermal energy to partially melt a fraction of TRL, resulting in in-situ formation of the lubricating liquid layer beneath such droplet -due to which the droplet glides on the surface (Fig. 4a, state IV).

Having shown that TRL infused hydrophilic surfaces can remain stable at subcooled temperature, we next sought to study their anti-icing potential (Supplementary Movie S07). For performance comparison, we conducted experiments on superhydrophilic surface (SPS), superhydrophobic surface (SHS) and LIS. For the bare SPS, SHS and LIS, a hierarchically structured Silicon substrate with 50 µm spacing was used (SEM image in Supplementary Figure S7a). The substrate was silanized using octadecyltrichlorosilane coating to prepare SHS and was subsequently infused with 10 cSt Silicone oil to prepare the LIS. TRL infused surfaces (TRL-IS) were prepared by lubricating a 10 µm spacing micro-structured (SEM image in Supplementary Figure S7b) hydrophilic surfaces with water miscible (DMSO and glycerol, Tmp =18.18°C) and water immiscible (cyclooctane) TRLs. These surfaces shall hereafter be referred to as SD-10, SG-10 and SCt-10 respectively. Condensation-icing experiments were performed by cooling the samples to -7°C and subjecting them to controlled environmental conditions (Tair = 25°C, RH = 60%). The tests showed that freezing of the entire surface occurred within 8 minutes for SPS, 30 mins on SHS and 17 mins for LIS (Fig. 4b). Analysis of the surface ice coverage revealed that the hydrophilic TRL-IS have orders of magnitude higher icing delay as compared to conventional surfaces (Fig. 4c and Supplementary Figure S9). The morphology and packing density of frost on different surfaces were conspicuous, varying between densely packed ice sheet on SPS to discreet parcels on LIS, edgy sheaf on SHS to a spongy packing on TRL-IS, owing primarily to their delayed frost growth and intermittent self-replenishment.

In addition to anti-icing, TRL-IS can also thwart the icing of impacting droplets. For example, in a frigid environment (Tair = -5°C, RH = 65%), droplets impacting on nano-textured SHS get pinned on the surface due to the loss of superhydrophobicity by frost formation (Fig. 4d) while the same droplets can glide effortlessly on TRL infused textured surfaces (Supplementary Movie S08). Finally, S-TRL surfaces also show self-healing properties during condensation. For example, a SCt surface subjected to critical mechanical damage eventually self-heals within 42 minutes of sustained condensation (Fig. 4e and Supplementary Movie S09).

Outlook

In conclusion, we have shown that TRLs can significantly delay condensation-icing when used either in bulk or infused into solid textures, imparting icephobicity even to hydrophilic surfaces. Concurrently, they also demonstrate other utilitarian features including optical transparency and in-situ self-healing upon getting critically damaged. Surface roughness effects can compromise the possible benefits of condensation induced surface melting on waterimmiscible TRLs. On the other hand, the synergistic effect of surface melting and freezing point depression can exhibit extraordinary freezing delays using water miscible TRLs. The intriguing phenomenon of condensation-icing delay on solidified TRLs provides a new construct about the nature of phase transitions on surfaces. While our study provides the first step in that direction, further studies are warranted to understand the extent of melting, the nanoscale temperature distribution within and around droplets. Although the TRLs studied in this work comprised mostly of alkanes, we envision that the vast library of TRLs available today including biodegradable vegetable-based TRLs could target a wide temperature range and consequently provide new opportunities to tune their performance for many industrial icing related problems.

Methods

Methods, including statements of data availability and any associated accession codes and references, are available in the online version of this paper.
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Methods

Liquids: All the chemicals used in this study were of analytical grade or higher, purchased from Sigma Aldrich and used without any further purification. Liquid properties are provided in Supplementary Table S1.

Fabrication of micro-nano patterned surfaces: Silicon wafers were first cleaned by sonicating them sequentially in a bath of acetone, methanol, isopropyl alcohol and deionized water and later dried. To prepare the nanograss surface, black Silicon method was used wherein four-inch Silicon wafer (525 µm thick, p-type) was etched using Deep Reactive Ion Etching (DRIE) under the continuous flow of an etchant gas (SF6) and a passivation gas (O2). To obtain the micropost surfaces (10 µm post width, 10 µm pillar height, 10 µm edge-to-edge spacing), four-inch Silicon substrates were first patterned via standard photolithography using Heidelberg MLA 150 Direct Write Lithographer, followed by dry etching using a Bosch DRIE process. To obtain the hierarchically textured surfaces, the micropost surfaces (50 µm edge-toedge spacing) were further etched in a plasma of SF6 and O2 rendering nanograss texture on the top and in the spaces between the microposts. After fabrication, all the samples were examined under a FEI Quanta 650 FEG SEM. TYKMA Electrox Laser Marking System was used to laser cut the fabricated 4-inch sample into the desired size, as required for experimentation.

Preparation of impregnated samples:

The fabricated Silicon samples were first thoroughly cleansed by sonicating them in a bath of acetone, ethanol, isopropyl alcohol and deionized water. After drying the samples with nitrogen gas, they were plasma cleaned (Herrick Barrel Plasma Etcher) to remove any organic contaminants. TRL infused hydrophilic surfaces were prepared by initially spreading out excess TRL in order to completely cover the textured surfaces. Uniform impregnation of samples without any excess lubricant was achieved by next spinning the impregnated samples at 1500 rpm for one min using a spin coater (Laurell Technologies WS-650Mz-23NPPB) and subsequently mounting them vertically for 10 minutes to gravity-shed any excess lubricant. To prepare lubricant infused superhydrophobic surface, the plasma cleaned sample was silanized with octadecyltrichlorosilane (OTS) and then lubricant impregnated, following the same protocol as mentioned above.

Setup for performing condensation-icing experiments:

All the condensation-icing experiments were performed in a custom-built environmental chamber capable of controlling the ambient temperature and relative humidity of the enclosure while maintaining a contaminant-free, positive-pressure environment with negligible air convection effects (see also Supplementary Methods 5.1). The humidity of the environmental chamber was measured by the glovebox humidity sensor (measuring range: 0-100% RH, accuracy: ± 2% RH at 20°C). Additionally, the local humidity and temperature around the test samples were monitored using a Sensirion sensor (SHT71) throughout the experimental duration. A water-cooled thermoelectric cold plate (TECA LHP-800CP) capable of lowering the temperature from 20°C to -15°C within 5 minutes was used for all the condensation-icing experiments. The Peltier surface temperature was controlled using a PID temperature controller. Electrically insulated thermocouples (Type K, OMEGA) were bonded onto the Peltier surface to continuously record the Peltier surface temperature using a digital data acquisition system (OMEGA-DAQPRO-5300). For optical recording of the condensation-icing experiments, videos were shot from a top-down view using a Nikon D810 DSLR camera (1920×1080 resolution, 29.97 fps) fitted on a high zoom microscope (Carl Zeiss Axio Zoom V16 equipped with a Zeiss Plan Apo1.5x lens). The microscope uses a CL 9000 LED co-axial cold light source for illumination thereby eliminating the possibility of local heating of the test sample surface even while observing at very close working distances.

Protocol for performing condensation-icing experiments on bulk samples: Samples (bulk liquid TRL, structured Silicon surfaces, PTFE) were placed in a specially built annular copper container (inner diameter: 5.5cm, capacity of 10 ml) fitted with a matching PTFE ring (1 cm thick). The PTFE ring aided in suppressing the icing/frosting due to edge effects to some extent. The bottom of the copper chamber had a highly polished flat surface which ensured good thermal contact with the Peltier cooler surface. A rectangular PTFE block (1.5 cm thick) with an annular hole in the middle, to incorporate the copper chamber and covering the Peltier surface area was used to insulate the latter, thereby ensuring that the Peltier only cooled the copper chamber and its contents. For experiments corresponding to condensation-icing on bulk S-TRL surfaces (refer Fig. 1a-f, 2, 3d), a smooth bare Silicon wafer was placed on the base of the copper container for enhancing the experimental visualization. Before each experiment, the copper chamber, the PTFE ring and the Silicon wafers were thoroughly cleansed using acetone, ethanol, isopropanol, DI water and then finally dried using Praxair nitrogen gas (99% pure). For each of the aforementioned experiments, 8 ml of TRL (~3.3 mm thick layer of TRL on solidification) was filled into the container. After putting the test samples inside the glovebox, it was air-locked and experiments were conducted using the setup described earlier. Continuous video recordings were made for all the experiments and analysed later using ImageJ and MATHEMATICA software.

Protocol for performing condensation-icing experiments on functional surfaces: Antiicing potential of the bare/textured surfaces (with/without lubricants) was investigated in the glovebox under controlled environmental conditions. The test substrates (6.45 cm 2 each) were bonded with a highly thermally conductive double-sided tape onto a copper plate (6×6 cm 2 , 0.2 cm thick) that was bolted directly to the centre of the water-cooled Peltier surface to abate the "edge-effect" ensued ice formation to some extent. To negate the effect of spatial temperature variation across the Peltier surface and ensure experimental uniformity, the test samples were attached to the same central location for each of the trials. Once attached, the Peltier assembly was mounted vertically and experiments were performed inside the glovebox (see also Supplementary Methods 5.2).

Contact angle measurements:

WCAs of superhydrophobic and PTFE surfaces were measured using a video based optical contact angle measurement system by virtue of a SCA20 software on a goniometer (OCA 15Pro, Dataphysics GmbH, Germany) at ambient conditions (23°C, 20% RH). WCA measurement of the solidified TRL surface was carried out inside the glovebox, maintained at a very low humidity (4% RH) environment in order to prevent any condensation. The liquid TRL (8ml) was cooled below its corresponding Tmp using the TECA Peltier cooler. A deionized water droplet (~5 µL), at a temperature lower than the melting point of the TRL was gently deposited on the solidified TRL surface and imaged from the side using a PointGrey camera fitted with a InfiniProbe (TS-160 MACRO) lens and backlit by Nila Zaila light source. Subsequently, the images were analysed in ImageJ software to obtain the corresponding WCAs. All reported CAs are averages of five independent measurements on different locations of a single sample. The accuracy of the measured contact angle is ±1°.

Protocol to obtain the negative replica of solid TRL surfaces: Experiments were performed in the glovebox in a very low humidity (RH: 11%, Tair: 22°C, Tdp: -8°C) environment. A rectangular copper container (5×5×3 mm 3 ) was partially filled (80% of its volume) with TRL and cooled to -5°C using the Peltier. Once the TRL froze, cooled liquid photopolymer from Norland Optics (NOA-89 for ST, SP, SH; NBA-108 for SB, SCh, SCh, SD) was gently poured over the frozen TRL to fill up the remaining volume of the container. Prior deposition, the photopolymer was maintained at a temperature below the melting point of each TRL so as to prevent any TRL melting upon contact. The photopolymer spread completely on the surface of the frozen TRLs. Thereafter, the photopolymer was quickly polymerized using a UV lamp (exposure of 5-10 minutes). Post curing, the Peltier was set to the ambient temperature which caused the TRL to melt, but caused the cured polymer film to detach. The cured polymer film (having the negative embossments of the solid TRL surface) was carefully withdrawn and any excess oil on it was removed by placing it in a vacuum oven at 30°C. Thereafter, it was kept in an air-tight container and immediately taken for surface characterization by SEM.

Surface roughness measurements of solidified TRL surfaces: Surface roughness measurements were obtained by scanning the S-TRL surfaces (cooled down to 5°C) using an optical profilometer (Keyence VHX6000) placed inside the glovebox, which was maintained in a very low humidity (5% RH) environment (see also Supplementary Methods 5.3).

Droplet mobility on different surfaces:

A 10 µL cold droplet (at 0°C) was deposited on various test substrates using an insulated glass needle, fixed at a height of 0.5 cm above each test substrate. The experiments were carried out at an ambient temperature of 23°C and 24% RH. The test substrates were thermally bonded using a double-sided copper tape onto a Peltier stage (TE Technology CP-061) fixed at an angle of 45° (see also Supplementary Methods 5.4).

Ice-repellency experiments of TRL-IS in outdoor freezing environment:

The experiments demonstrating the ice-repellency of TRL-IS were performed outdoors in Chicago, Illinois on 14th March, 2017 when the ambient conditions were: Tair of -5°C (feels like temperature of -13°C), RH of 65% and light snow. A nanostructured superhydrophobic surface and a TRL (pentadecane) infused hierarchically textured (50 µm edge to edge spacing) superhydrophobic surface, each of 6.45 cm 2 size, were thermally bonded to an aluminium plate (2 mm thick) using a double-sided copper tape and initially held horizontally. After the surfaces had equilibrated with the outdoor ambient conditions, a dyed cold water droplet (~70 µL) was gently deposited on each of the test substrates successively (Supplementary Movie S08). On tilting the base plate gradually, it was observed that the water drop on the superhydrophobic surface remained strongly pinned, while the same was seen to glide off on TRL-IS (Supplementary Movie S08).

Self-healing test of TRLs: An aluminium plate (0.5 cm thick) with a rectangular cavity (3×2.4 cm 2 , 0.1cm deep) was filled with a TRL (cyclooctane) and bolted onto the Peltier surface. After cooling it to Tpel = 5°C, the setup was tilted at an angle of 90°. Mechanical damage was inflicted on the TRL surface in the form of a series of surface incisions (~400 µm wide, ~800 µm deep) using a sharp metal blade. Experiments were carried out under environmental conditions of 25°C, 80% RH. After 42 minutes, the surface was seen to self-heal with the disappearance of the incisions.

Data availability.

The data that support the findings of this study are available upon request from the corresponding author. The 'freezing initiation time' depicts the occurrence of first condensed droplet freezing event in the field of view, while the 'total freezing delay time' is representative of the time it took for all the condensed droplets on the S-TRL surface to freeze. The roughness characterization for each of the bare S-TRL surface was performed using an optical profilometer in a very low RH (5%) environment to prevent condensation. 'Average roughness' is the arithmetic mean of the absolute height shifts about the mean reference plane while 'Z-roughness' is indicative of the distance between the highest peak and lowest valley on the surface. The error bars (both left and right) denote standard deviations, obtained from experimental measurements on different TRLs repeated at least four times each. Analysis of S-TRL surface roughness (left) elucidated that smaller the S-TRL surface roughness, higher is the freezing delay. 

Figure 1 |

 1 Figure 1 | Effects of latent heat trapping during condensation on TRL. a,c, e, Optical image of a condensed water droplet in an environment with relative humidity, RH = 80% on: (a) SCh surface subjected to Peltier temperature, Tpel = 2°C, (c) SCh surface subjected to Tpel = -15°C and (e) SCt surface subjected to Tpel = -15°C. Droplet positions at prior time instants are shown using overlapping circles. Droplet perimeter footprints (liquid tracks) are visible at each prior position. b,d,f, Optical image of two condensed water droplets in an environment with RH = 80% separated by: (b) the cyclohexane film at Tpel = 2°C, (d) cyclohexane film at Tpel = -15°C and (f) the cyclooctane film at Tpel = -15°C. g, Schematic elucidating the underlying mechanism of latent heat trapping in solidified TRLs during vapour condensation. h, Time-lapse images of a water droplet freezing on SCh surface under conditions of Tdp<Tfp. The cooled water droplet (~0.1 µl) was deposited on the SCh surface subjected to Tpel = -15°C in an environment where ambient temperature, Tair = 25°C and RH = 4%. i, Schematic illustrating the droplet freezing behaviour on solid TRL surface when the dew point temperature (Tdp) is far below the freezing point (Tfp). Scale bars, (a-f) 25 µm, (h) 500 µm.
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 2 Figure 2 | Freezing delay potential of TRL compared to conventional anti-icing materials a,c,e, SEM images of (a) nano-textured superhydrophobic surface (SHS) with WCA of ~147 o , (c) Polytetrafluoroethylene (PTFE) surface with WCA of ~108 o and (e) S-TRL (SCh) surface with WCA of ~104 o . WCA of S-TRL surface was measured in a low humidity (RH = 4%) environment. b,d,f, Image sequence showing the droplet freezing behaviour on (b) SHS, (d) PTFE and (f) S-TRL (SCh) surfaces at different times as observed under the optical microscope. All surfaces were subjected to Tpel = -15°C under environmental conditions of Tair = 25°C, RH = 80%. Corresponding macroscopic images in the third row denote the bulk frozen sample at the end of each experiment. TRL was seen to outperform the conventional anti-icing materials by orders of magnitude. Scale bars, (a, c, e) 4 µm, (b, d, f) 100 µm.
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 3 Figure 3 | Anti-icing potential of different TRLs. a, Optical transparency of aluminium surfaces coated with different TRLs (dimethyl sulfoxide, cyclohexane and hexadecane) subjected to Tpel = 4°C in an environment of Tair = 25°C, RH = 15%. b, SEM images (imaged at an angle of 45°) of photopolymer replica moulds delineating the surface morphologies of different TRLs (at Tpel = -5°C, Tair = 22°C, RH = 11%). Scale bars, 25 µm. c, Images showing the typical condensation behaviour on the corresponding solidified TRL surfaces (at Tpel = -15°C, Tair=25°C, RH=80%). Scale bars, 200 µm. SD appeared to have a condensed film on its surface. Condensing droplets on SCh surface manifested a distinctive 'stick/slip' motion while they were virtually immobile on SH surface. d, Surface roughness and condensation-icing dynamics of various S-TRLs cooled to Tpel= -15°C in a high humidity (80% RH) environment.The 'freezing initiation time' depicts the occurrence of first condensed droplet freezing event in the field of view, while the 'total freezing delay time' is representative of the time it took for all the condensed droplets on the S-TRL surface to freeze. The roughness characterization for each of the bare S-TRL surface was performed using an optical profilometer in a very low RH (5%) environment to prevent condensation. 'Average roughness' is the arithmetic mean of the absolute height shifts about the mean reference plane while 'Z-roughness' is indicative of the distance between the highest peak and lowest valley on the surface. The error bars (both left and right) denote standard deviations, obtained from experimental measurements on different TRLs repeated at least four times each. Analysis of S-TRL surface roughness (left) elucidated that smaller the S-TRL surface roughness, higher is the freezing delay.

Figure 4 |

 4 Figure 4 | Anti-icing potential of TRL infused textured surfaces. a, Regime map showing the mobility of a cooled (0°C) water droplet (10 µL) on TRL (pentadecane) infused textured superhydrophobic surface maintained above its Tmp (I), TRL infused textured superhydrophobic surface maintained below its Tmp (II) at Tpel = 2°C, TRL infused textured hydrophilic surface maintained above its Tmp (III) and TRL infused textured hydrophilic surface maintained below its Tmp (IV) at Tpel = 2°C. Experiments were carried out on samples (6.45 cm 2 in size) tilted at 45° in an environment of 23°C and 24% RH. b, Time-lapse images of condensation-icing experiments conducted at Tpel = -7°C in an environment of 60% RH on vertically mounted bare textured superhydrophilic surface (SPS), lubricant infused textured superhydrophobic surface (LIS) and TRL infused hydrophilic surface. Each substrate was 6.45 cm 2 in size. c, Plot showing the corresponding surface ice coverage evolution with time on different test substrates at -7°C and 60% RH. d, Ice-repellency of a TRL (pentadecane) infused textured superhydrophobic surface compared to a nano-textured superhydrophobic surface. A dyed cold water droplet (70 µL) slides on the TRL infused surface under the action of gravity while a similar droplet remains strongly pinned on a superhydrophobic surface. The experiments were performed outdoors in Chicago, Illinois on 14th March, 2017 when the ambient temperature and relative humidity were -5°C and 65% respectively. e, Time-lapse images exhibiting the potential of TRLs to self-heal from critical mechanical damage (~400 µm wide, ~800 µm deep) inflicted by a sharp metal blade. Experiments were carried out on SCt tilted at 90°, subjected to Tpel = 5°C and environmental RH = 80%.
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