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ABSTRACT

Slippery liquid-infused porous surfaces (SLIPSs) prepared with phase invariant materials 

(e.g., Krytox GPL oil) have been increasingly researched as low adhesion engineered 

functional surfaces in the last decade. However, phase change materials (PCMs) have been 

scarcely adopted, although they are potential candidates due to their inherent lubricant 

characteristics as well as temperature-dependent phases empowering unique thermo-

responsive switchable wettability. Here, paraffin wax (an organic PCM) has been applied on 

hydrophobized nanoporous copper substrate to realize the phase-change SLIPSs (PC-SLIPSs) 

fabricated via spin-coating followed by thermal annealing, which overcomes earlier 

limitations encountered on the PC-SLIPSs. Advantages of these PC-SLIPSs are: the 

prompting of a low adhesion Wenzel (LAW) state opposed to earlier completely-pinned 

Wenzel state in the solid phase, and the optimized slippery state without excess of PCM in 

the liquid phase. Further, in order to characterize the intimate interactions between liquid 
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droplets and the different phases of the PC-SLIPSs, i.e., solid, mush, and liquid phases, the 

contact line dynamics have been comprehensively investigated, unveiling the water droplet 

adhesion and depinning phenomenon as the function of thermo-responsive wetting states. 

Lastly, the PC-SLIPSs have also been tested for water vapor condensation, demonstrating the 

feasibility of dropwise condensation and the shift of droplet size distribution in both the solid 

and liquid phases. The results suggest that such engineered surfaces have great potential to 

prompt and tune dropwise condensation via thermo-responsive switchable wettability for heat 

transfer and water harvesting applications.

Keywords: Slippery liquid-infused porous surfaces; Phase change materials; Paraffin wax; 

Thermo-responsive wettability; Droplet pinning; Dropwise condensation.

INTRODUCTION

Surface engineering has continuously evolved through the recent decades, assisting to 

tailor the inherent properties of pristine solid surfaces with superior features.1,2 Especially, 

roughness and topography of the structured solid surfaces affect their wettability and droplet 

mobility significantly. On one hand, a liquid droplet may wet the surface structures partially 

(e.g., contacting the top region only with air entrapped in the valleys between structures) 

adopting the Cassie-Baxter state,3 in which droplets show low pinning with sliding angles as 

small as 0-10°, enabling efficient droplet mobility. On the other hand, a liquid droplet may 

wet the surface structures up to different extents, adopting the Wenzel state,3 hindering the 

droplet mobility. In addition, depending on the extent of droplet pinning, droplet mobility can 

also be realized even in the Wenzel state. For weak pinning, a droplet may show a certain 

mobility at sliding angles of 10-50°,4 which is henceforth referred to as the low adhesion 

Wenzel (LAW) state, and for strong pinning, a droplet may show relatively low mobility 

requiring higher sliding angles of 50-90°,5 henceforth referred to as the high adhesion Wenzel 
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(HAW) state. Influenced by the wetting state and droplet adhesion, the contact line dynamics 

as well as the droplet mobility vary significantly.6-8 

Novel micro- and nano-fabrication techniques (such as lithography, chemical etching, 

reactive ion etching and plasma oxidation) allow the design of a wide variety of engineered 

features on pristine solid surfaces, including random porous network,9 regular individual deep 

pores,10 nano-flowers,11 nano-pins,12 nano-wires,13 honeycomb-based geometries,14 pillar-on-

pore-like geometries,15 and so forth. By infusing lubricant-based liquids within the micro- 

and/or nano-structures, liquid-infused surfaces (LISs)16,17 or slippery liquid-infused porous 

surfaces (SLIPSs)18,19 are fabricated with distinct characteristics, such as UV-responsiveness 

guided pathways,20 efficient dropwise condensation,21 fog and water harvesting,22 anti-icing 

and anti-frost,23,24 as well as self-cleaning,25 etc. However, the stability of lubricants on the 

SLIPSs/LISs needs further attention.26 Furthermore, slippery liquids can be categorized in 

two kinds. One is phase invariant materials such as fluorinated lubricants and silicone oils. 

The other is phase change materials (PCMs), such as organic waxes (e.g., paraffin wax),27 

animal waxes (e.g., beeswax),28 plant oils (e.g., peanut oil),29 thermotropic lubricant30 and 

polymers (e.g., PNI-PAAm),31 resulting in phase-change slippery liquid-infused porous 

surfaces (PC-SLIPSs). They are highly advantageous ensuring multifunctional properties, 

encompassing thermo-responsive wettability and anti-icing/frosting features,29,32 water 

adhesion,33 tunable opaqueness,34 smart control of  anisotropic motion of liquid droplets in 

microreactors as well as in tubes,35 tunable wettability on guided tracks,36 liquid adhesion 

control,37 and intelligent motion control actuators.38 Generally, the mechanism of the PC-

SLIPSs is governed by the thermo-responsive (temperature-driven) wetting states,39 leading 

to switchable wettability across the melting temperature of the PCMs employed. However, it 

should also be noted that only a few PCMs have the required water-repelling lubricant 

characteristics essential to realize the PC-SLIPSs.40   
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In the previous investigations on the PC-SLIPSs, two major drawbacks were commonly 

highlighted. First, the infused PCM induces the completely pinned Wenzel state in the solid 

phase, resulting in droplet immobility.32-35 Second, when the solid phase of the PCM switches 

into the liquid phase, the surface becomes slippery with an excess of liquid film where the 

water droplet tends to sink.32-34,36 Both noted drawbacks (i.e., solid phase immobility and 

water droplets sinking within liquid phase) may limit the applicability of the PC-SLIPSs. 

Hence, in the present work, we develop and demonstrate an optimal impregnation procedure 

followed by thermal annealing, which eventually decreases the droplet adhesion of the PC-

SLIPSs in the solid phase prompting the low adhesion Wenzel (LAW) state. Moreover, the 

excess of PCM in the liquid phase inducing a slippery state is also minimized. We employ a 

chemically oxidized copper substrate, consisting of black-velvety cupric oxide nanoporous 

structures, to realize the as-presented PC-SLIPSs. Structured copper substrate is 

hydrophobized9 and infused with paraffin wax (PCM in this study) via two different 

impregnating methods: dip coating and spin coating followed by the subsequent thermal 

annealing for further optimization of the amount of paraffin wax. The surface roughness of 

the PC-SLIPSs is measured at ambient temperature with a non-contact optical profiler (ZETA 

20). The surface morphology of the PC-SLIPSs is further characterized with optical 

microscopy (OLYMPUS BX51M) at various temperatures covering different phases of 

paraffin wax, while surface wettability at various temperatures is also assessed via optical 

contact angle goniometer (OCA-20). In addition, the contact line dynamics is investigated 

during sessile droplet evaporation at various temperatures. Further, leveraged by the unique 

LAW state in the solid phase and slippery state in the liquid phase, water vapor condensation 

tests are conducted. The occurrence of dropwise condensation in both the solid and liquid 

phases coupled with nucleation density and the remarkable shift of the droplet size 

distribution depending on the phase of the PC-SLIPSs, is demonstrated for the first time.
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RESULTS and DISCUSSION 

Fabrication and Characterization of the PC-SLIPSs. The methodology to prepare the PC-

SLIPSs is summarized in Figure 1. It includes (Figure 1 from left to right) chemical oxidation 

of a thin copper plate (0.4 mm in thickness) at 70 °C, washing of the oxidized copper plate 

with distilled water, its high-temperature baking (180 °C) to ensure formation of cupric oxide 

nanostructures providing average surface roughness (Ra) of 1.79 µm, cooling at ambient 

temperature (25 °C), perfluorooctyltriethoxysilane (POTS) coating on nanoporous copper 

plate to impart hydrophobic characteristics, medium-temperature baking (120 °C) for thermal 

stabilization of POTS and impregnation with the paraffin wax via dip coating and spin 

coating. 

Figure 1. Schematic of the fabrication procedure of the PC-SLIPSs. The sheet-like 

nanostructures consisting of cupric oxide nanoporous network has been obtained on copper 
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plate, as shown by SEM images in (a) and (b).9 The apparent contact angle and roll-off angle 

are shown in (c). 

The different phases of paraffin wax have been characterized through differential scanning 

calorimetry as a function of the temperature (DSC, Perkin Elmer, DSC 8000) as shown in 

Figure S1 in the accompanying Supporting Information (SI). The solid phase occurs between 

25-52 °C, the mush phase appears between 53-59 °C, and the liquid phase ensues at 60 °C 

and sustains itself above this temperature. 

In dip coating, the hydrophobized nanoporous copper surface was vertically immersed for 

2 h in the pool of paraffin wax maintained at 75 °C and then slowly removed from the pool, 

followed by vertically hanging the PC-SLIPSs in the oven at 75 °C for 30 minutes (thermal 

annealing), and then drying at ambient temperature for several minutes. Subsequently, the 

surface morphology was analyzed using optical microscopy in the solid phase at 25 °C and 

the liquid phase at 60 °C (Figure 2), as well as surface roughness (Ra and Rz; Ra: average 

surface roughness, Rz: difference between highest peak/bump and deepest valley/dent) was 

determined by non-contact optical profiler. In the solid phase at 25 °C, the surface 

morphology appears with the presence of non-uniform and random microfeatures comprising 

of bumps and dents (Figure 2a) with Ra = 1.8±0.4 μm and Rz = 4.9±1 μm (see surface profiles 

in Figure S2 in the SI). Consequently, strong pinning is observed with a high sliding angle of 

70±5° (Figure 2b), which corresponds to the high adhesion Wenzel (HAW) state in the solid 

phase. Upon transition to the liquid phase at 60 °C, an even and smooth liquid layer is 

observed (Figure 2c). In this phase, the sliding angle is 2±1° (Figure 2d), demonstrating high 

droplet mobility, i.e., efficient slippery state with virtually no pinning, but on the penalty of 
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presence of excess paraffin that partially covers the wetting ridge,41 as highlighted (red 

square) in Figure 2d (also see Video S1). 

Figure 2. Dip-coated PC-SLIPSs. Optical microscopy of the surface microfeatures of the PC-

SLIPSs in the solid phase at 25 °C (a) and the liquid phase at 60 °C (c). Contact angle 

goniometry for a 5 μl water droplet at the sliding angle α in the solid phase at 25 °C (b) and 

the liquid phase at 60 °C (d). 

It should be noted that, the droplet is able to slide on the dip-coated PC-SLIPSs in the 

HAW state on behalf of minimized paraffin lodging and thermal annealing as compared with 

the previous reports.33,35 However, even after trying these fabrication steps, dip-coating 

procedure could not guarantee the optimal quantity of paraffin wax in the liquid phase, i.e., 

fine control of excess lubricant. In order to optimize the overall design of the PC-SLIPSs, the 

amount of paraffin wax has been controlled via spin-coating. In addition, the microfeatures of 
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the PC-SLIPSs in the solid phase have further been controlled through thermal annealing, as 

illustrated in Figure 3. The details of the optimization design are elaborated in Section S2 in 

the SI. Spin-coating procedure was challenging to be executed at ambient temperature 

because of the fast solidification of the paraffin wax. In order to retain the liquid phase of 

paraffin wax, we introduced xylene as a solvent42 that slows down the solidification and 

allows effective spin-coating. After spin-coating, as-prepared PC-SLIPSs were dried 

overnight that led to the completely-pinned Wenzel state (droplet immobility) because of the 

microstructural defects arising from the segregated paraffin wax crystals, particularly after 

the complete evaporation of xylene, as can be seen in Figure S4 in the SI. 

Figure 3. Schematics of the impregnation steps of the PC-SLIPSs, including spin coating, 

drying, thermal annealing and thermal switching. Paraffin-xylene mixture was used for the 

spin-coating method. 

In an attempt to further refine the surface sturctures after spin coating and overnight 

drying, thermal annealing that consists of heating the surfaces at 75 °C for 6 h was further 

applied. The annealing process mitigates the presence of structural defects (micro-bumps and 

micro-dents) between the parted paraffin crystals on the PC-SLIPSs. Besides spin coating and 

thermal annealing, a threshold amount of paraffin wax in paraffin-xylene solution below 

which slippery state cannot be achieved even in the liquid phase has been reported (see 

Figure S5 in the SI). Hence, for the optimum design, the right amount of paraffin wax must 

be applied to the surface followed by spin coating and thermal annealing. The solid phase of 
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the optimized PC-SLIPSs demonstrates significantly diminished micro-structural defects 

(Figure 4a), leading to Ra = 0.39±0.1 μm and Rz = 0.92±0.2 μm (see surface profiles in Figure 

S6 in the SI). Owing to the reduced surface roughness, droplet pinning is less strong and the 

droplet mobility is significantly enhanced, showing a decrease in the sliding angle down to 

30±10° (Figure 4b) which corresponds to the low adhesion Wenzel (LAW) state overcoming 

the complete pinning of the droplets at inclination angles of 90° earlier reported in the 

literature.33,35 In the liquid phase (Figure 4c), the surface presents slippery state without 

excess of paraffin wax, showing the sliding angle of 4±1° (Figure 4d compared to the excess 

of lubricant reported in Figure 2d). The sliding angle is slightly higher than that of the dip-

coated PC-SLIPSs in the liquid phase (2±1°), which is attributed to the less amount of 

paraffin wax available on the surface (see Video S2).

Figure 4. Spin-coated PC-SLIPSs after thermal annealing. Surface microfeatures of the PC-

SLIPSs in the solid phase at 25 °C (a) and the liquid phase at 60 °C (c). Contact angle 

goniometry for a 5 μl water at the sliding angle α in the solid phase at 25 °C (b) and the liquid 
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phase at 60 °C (d). Note the absence of excess of lubricant when comparing Figure 4d to 

Figure 2d.

To address the surface topography and wetting properties more systematically, the 

topographic configuration of the PC-SLIPSs at different surface temperatures has been 

further examined, as shown in Figure 5. As the temperature increases from 35 to 45 °C, the 

surface topography undergoes a gradual change because of the solid-solid transition (see 

Figure S1 in the SI), whereas a prominent change in the topography begins to appear between 

53-59 °C during the solid-liquid transition (mush phase). Because of the coexistence of solid-

liquid mixture during the mush phase,43 the interspacing of micro-bumps and micro-dents 

increases. Some micro-bumps and micro-dents are also engulfed by the liquid phase, which is 

highly noticeable between 56-58 °C. The topographic features eventually disappear at the 

melting temperature of 60 °C (Figure 4c), resulting in a smooth, uniform and thin liquid 

layer. 
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Figure 5. Optical microscopy of the PC-SLIPSs at varying temperatures from 35 to 59 °C, 

illustrating the surface morphologies of the solid phase (a-b) and mush phase (c-i), while the 

liquid phase is shown in Figure 4c. In the images corresponding to the mush phase, red 

arrows indicate regions of the solid to liquid phase change, while the blue arrows indicate the 

solid phase. Scale bars are 100 µm.

To further characterize the surface stability and the surface wettability of the PC-SLIPSs at 

different temperatures, the spreading coefficient Spw predicting the occurrence of cloaking 

(i.e., the tendency of the lubricant to encapsulate the water droplet) and the varying interfacial 

tensions of paraffin wax-air (σpa) and water-air (σwa) have been theoretically calculated. In 

order to quantitatively predict the occurrence of cloaking, the spreading coefficient Spw is 

estimated. Spw is defined with respect to the individual interfacial tensions of paraffin wax-air 

(σpa), water-air (σwa), and water-paraffin wax (σwp) as in Equation 1.2,34,44 

Spw = σwa ₋ σwp ₋ σpa                                     (1) 
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Upon droplet shedding from the surface, cloaking may result in direct deterioration of the 

SLIPSs as the shedding of a droplet carries the lubricant away inducing the depletion of the 

lubricant. A robust surface where the lubricant does not cloak a water droplet should meet the 

criterion of negative spreading coefficient as Spw < 0, and contrarily, Spw > 0 shows the 

occurrence of cloaking.17 The surface free energy of the paraffin wax-air (σpa) at higher 

temperatures was measured by Kobald et al.,45 and was empirically extrapolated for lower 

temperatures by Piscitelli et al.46, as shown in Figure 6a, which also includes the temperature-

dependent surface tension for water-air σwa.  σwp is calculated using Equation 2 with the help 

of dispersion forces of interacting substances, i.e., γͩwa is 21.8 mN/m34 and γͩpa is 33.8 mN/m 

(note that for non-polymeric substances σpa ≈ γpͩa .34 

σwp = σpa  ₊ σwa  ₋ 2[γͩpa γͩwa]½                         (2)

Therefore, σwp and Spw are calculated and the results are shown in Figure 6b. The negative 

spreading coefficient (Spw < 0) within the given temperature range indicates that the lubricant 

(paraffin wax) does not cloak a water droplet. Thus, the criterion of the cloaking-controllable 

SLIPSs is effectively met with paraffin wax which, on behalf of poor miscibility, lack of 

chemical affinity towards water and high surface tension, renders the smart surfaces more 

stable than low surface tension oils.17,19  
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paraffin wax, σwp (mN/m), estimated via Equation 2, both as a function of temperature, T 
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We note here that the relatively thinner coating was enabled by the optimal quantity of the 

paraffin wax achieved through the fabrication steps, i.e., spin coating and thermal annealing, 

which is of paramount importance to shift the completely pinned Wenzel state32-35 or HAW 

state (as reported above for the dip-coated PC-SLIPSs) into the LAW state particularly in the 

solid phase. It is thereafter inferred that the distinct characteristics of the PC-SLIPSs, and 

more importantly the droplet-surface interactions, can be tuned to achieve different wetting 

states, i.e., strongly pinning (HAW state), weakly pinning (LAW state) and virtually non-

pinning (slippery state). Hereinafter, all the results are presented on the thermally annealed 

spin-coated PC-SLIPSs with optimal paraffin wax. 

Thermo-responsive Switchable Wettability of the PC-SLIPSs. Figure 7 shows the 

comprehensive characterization results of the thermally annealed spin-coated PC-SLIPSs at 

various temperatures including the apparent contact angle, sliding angle, and contact angle 

hysteresis.
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Figure 7. Thermo-responsive wetting characteristics as apparent contact angle θap (filled 

black squares), sliding angle α (filled red circles), and contact angle hysteresis CAH (filled 

blue triangles) on the PC-SLIPSs. The solid phase depicts the LAW state, the mush phase 

comparatively undergoes a HAW state, while the liquid phase induces the slippery state. 

Error bars represent the standard deviation of five independent experiments.

Of utmost importance is the switchable wetting behavior of the PC-SLIPSs depending on 

the solid, mush and liquid phases controlled through temperature. The value of apparent 

contact angle does not vary to a great extent, i.e., fluctuates within ±2° across the entire range 

of temperatures studied. However, switchable wettability reported here is of practical 

consideration when investigating the droplet mobility. Paying special attention to the sliding 

angle α, a decrease from 30±10° down to 4±1° occurs when comparing the solid phase 

(between 25 and 52 °C) to the liquid phase (at 60 °C and above), as represented by the red 

curve in Figure 7. We note here that in between the solid and liquid phases the mush phase 



16

ensues (between 53 and 59 °C), which further hinders the droplet mobility with higher sliding 

angles of 55±5°, a characteristic of the HAW state. This switchable wetting behavior is 

strongly correlated to the surface topography depending on the temperature. In the solid 

phase, topographic changes occur slightly (Figure 5a and 5b) so that the apparent contact 

angle and sliding angle are barely influenced. Conversely, the mush phase undergoes abrupt 

topographic changes with the presence of solid-liquid phases, which tend to enhance the 

droplet pinning as a consequence of the irregular and non-uniform topography (Figure 5c-i). 

For higher substrate temperatures, the liquid phase ensues the provision of the lowest 

achievable sliding angle of practical interest for high temperature applications. By gradually 

varying the temperature, the wettability of the PC-SLIPSs can be efficiently tuned in the 

LAW, HAW and slippery states at solid, mush and liquid phases, respectively. 

Depicted in Figure 7 (blue curve) is the contact angle hysteresis (CAH), which is 

quantitatively defined as the difference between advancing contact angle θa and receding 

contact angle θr at the instant when a droplet starts moving. The CAHs on the PC-SLIPSs are 

also dependent on the nature of phases, i.e., solid, mush or liquid. Particularly, the CAH is 

7±2° in the solid phase (LAW state), and then slightly increases in the mush phase with a 

CAH of 13±2° (HAW state) and then becomes as low as 1±0.5° in the liquid phase (slippery 

state).

Contact Line Dynamics and Depinning Force of the PC-SLIPSs. To provide further 

insights regarding the droplet adhesion/pinning in the solid, mush and liquid phases, we 

address the droplet evaporative behavior, paying special attention to the contact line 

dynamics and its depinning force. By looking at the temporal evolution of the droplet profile 

evaporating and more particularly at the contact line, the greater (pinning) or lesser 

(slipperiness) affinity of the liquid to the substrate can be inferred.47 Such affinity is dictated 
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by the wettability48 and the structure49 of the surface. On one hand, high energy surfaces 

(hydrophilic), having either smooth or heterogeneous topography, typically induces stickiness 

characterized by the predominant pinning of the contact line prompting evaporation in the 

constant contact radius (CCR) mode.50 On the other hand, on smooth low-energy surfaces 

(hydrophobic), the characteristic receding motion of the contact line (depinning) with the 

droplet evaporating in the constant contact angle (CCA) mode ensues.51 In addition to these 

reported modes, a mixed mode typically ensues at the end of the evaporation52 and a stick-

slip mode occurs in the presence of low energy surfaces with small defects or structures.53 In 

this work, the dynamics of the contact line of sessile water droplets of 4 μl in volume are 

examined on the PC-SLIPSs at different temperatures, i.e., different phases of the PCM. 

Then, the evolution of the contact radius R (mm) is quantitatively extracted and plotted as a 

function of time t (min). Figure 8 shows the evaporation-driven transient profiles along with 

the extracted temporal evolution of R on the pristine copper (Figure 8a) and on the PC-

SLIPSs at different temperatures including the solid phase (Figure 8b), the mush phase 

(Figure 8c) and the liquid phase (Figure 8d). We note here that experimental observations of 

droplet evaporation cannot be used to accurately estimate the CAH as upon droplet 

deposition, and droplet adopts an apparent contact angle which is lower than that of the 

advancing one while evaporation cannot either accurately predict the receding contact angle 

as per the different dynamics involved. The receding contact angle was though utilized to 

estimate the contact line depinning force as proposed by Sarshar et al.,7 and Xu et al.8
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On a pristine copper surface, a droplet evaporates in the CCR mode where the contact line 

remains pinned and the contact angle decreases to account for the decrease in the droplet 

volume throughout the entire lifetime of the droplet, as shown in Figure 8a. Evaporation in 

the CCR mode is typically prompted on high-surface-energy rough/structured substrates.6 

When looking into the temporal evolution of droplets evaporating on the PC-SLIPSs, 

different evaporative behaviors are observed when compared to the pristine copper surface, 

and more importantly when comparing the different phases of the paraffin wax itself. On the 

PC-SLIPSs in the solid phase, the contact line remains pinned to the surface during 

approximately 30 to 40% of the droplet lifetime where droplets initially evaporate in the CCR 

mode. Thereafter, the contact line recedes, i.e., depin, and evaporation takes place in the 

stick-slip mode as the multiple receding jumps of the contact line shown in Figure 8b.48-49 

The initial CCR stage signifies the pinning/stickiness of the solid phase to some extent. Here, 

the paraffin wax allows the transition from the CCR to CCA mode (with stick-slip motions) 

since it significantly lowers the surface energy when compared to bare copper. The 

qualitative behavior is consistent for the different ranges of temperatures between 25 and 45 

°C, and the shorter depinning trend appears at higher temperatures due to enhanced 

evaporation. In the mush phase (53-59 °C), the CCR mode ensues during a prolonged period, 

i.e., approximately 60% of the droplet lifetime (Figure 8c), when compared to the solid phase 

(Figure 8b). After depinning, the contact line recedes in a stick-slip fashion with greater 

magnitude of the jumps/slips of the contact line than those taking place in the solid phase. 

The more dominant initial pinning stage and the greater magnitude of the jumps/slips of the 

contact line in the following receding stage evidence the greater adhesion in the mush phase 

when compared to the solid phase. This is due to the change in the structure of the paraffin 

wax during the melting, i.e., the coexistence of solid-liquid phases creating irregular and 

heterogeneous topography where the pinning of the contact line is prompted. For temperature 
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above that of the mush phase, the paraffin wax rests as the smooth and homogeneous liquid 

phase. Upon the deposition of a droplet on the PC-SLIPSs in the liquid phase, there is 

virtually no pinning and the continuous receding of the contact line in the CCA ensues during 

the entire droplet lifetime, in agreement with the works of Guan et al., and Wells et al.53-54 

The magnitude of the pinning can further be characterized quantitatively by estimating 

the depinning force, Fd (mN/m),7,8 which is defined as the force per unit length at which the 

contact line begins to move, as follows: 

Fd = σaw (cosθre - cosθap) (3)

where σaw is the air-water surface tension. Figure 9 shows the depinning force Fd with respect 

to the surface temperature and the phase of the PC-SLIPSs. 
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Figure 9. Contact line depinning force, Fd (mN/m), of an evaporating droplet on the PC-

SLIPSs at various surface temperatures T (°C) and phases of the PC-SLIPSs. Error bars 

represent the standard deviation of five independent experiments.
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The depinning force also clearly signifies the important differences in pinning depending 

on the surface temperature and phase of the PC-SLIPSs. Particularly, the PC-SLIPSs in the 

solid phase yields depinning forces in the range of 10 to 15 mN/m, i.e., LAW state. In the 

mush phase, the depinning force increases up to 37 mN/m, indicating significantly enhanced 

pinning, i.e., HAW state. In the liquid phase, the depinning force is negligible (close to 0 

mN/m), indicating the highly slippery state. The results show that the depinning force is 

temperature-dependent, stressing the significance of the thermo-responsive switchable 

wettability of the PC-SLIPSs. 

Thermo-responsive Droplet Size Distribution during Condensation on the PC-SLIPSs. 

According to the wetting regimes prompted by the present thermo-responsive PC-SLIPSs, 

a wide range of simultaneous applications can be opened up depending on the operation 

temperature and conditions, encompassing water adhesion and sliding. As paraffin wax is 

environmentally friendly, such PC-SLIPSs are deemed to be highly beneficial for many 

applications, such as water collection. Considering such applications, the PC-SLIPSs have 

been examined as condensing surfaces at standard atmospheric conditions (1 atm in 

pressure). The experiments have been done in a custom-built water vapor condensation unit 

as shown in Figure S7 in the SI. The durability and stability of the thermos-responsive 

wetting properties of the PC-SLIPSs have been estimated through rigorous condensation tests 

consisting of 40 experimental runs (i.e., 20 for liquid phase and 20 for solid phase) that lasted 

for around 280 min in total. After condensation tests, the apparent contact angle of a water 

droplet on the PC-SLIPSs has been found to be 107±0.5° in both phases, which is almost 

equal to that determined before condensation tests (108±0.5°). It can be inferred that if there 

were a mass loss of paraffin from the surfaces, the apparent contact angle should have been 

equal to that on the hydrophobized nanoporous copper substrate which is 153±1° (Figure 1c). 
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For further comparison, the condensation patterns on the pristine copper surface and PC-

SLIPSs are shown in Figure 10. On the pristine copper surface, the condensate nucleates, 

grows and coalesces, forming irregular droplets covering the surface in a conventional 

filmwise condensation fashion (Figure 10a-10c). In contrast, on the PC-SLIPSs, the 

continuous shedding of spherical droplets is prompted both in the solid (Figure 10d-10f; see 

also Video S3 in the SI) and liquid phases (Figure 10g-10i; see also Video S4 in the SI). The 

condensation mechanism of either phase on the PC-SLIPSs follows nucleation (Figure 10d 

for the solid phase and Figure 10g for the liquid phase), growth (Figure 10e for the solid 

phase and Figure 10h for the liquid phase), and shedding of droplets (Figure 10f for the solid 

phase and Figure 10i for the liquid phase), which is the characteristic of continuous dropwise 

condensation.55 More specifically, when the PC-SLIPSs are in the solid phase, water droplets 

grow by direct condensation and coalescence to sizes in the order of a millimeter followed by 

droplet shedding (Video S3 in the SI), which is in agreement with what has been reported on 

smooth low adhesion hydrophobic surfaces.56,57 As opposed to the solid phase, smaller 

droplets with sizes in the submillimeter range (Video S4 in the SI) shed from the surface of 

the PC-SLIPSs in the liquid phase, which is also a clear indication of the slippery state.58  
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Figure 10. Condensation patterns on the pristine copper surface (a-c), the PC-SLIPSs in the 

solid phase (LAW state) (d-f), and the PC-SLIPSs in the liquid phase (slippery state) (g-i). 

The slightly greenish color of the pristine copper surface is because of the light provided in 

the experimental setup. Red-dashed circles show the droplets and their shedding down the 
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surfaces. Scale bars are 0.5 mm. Droplet number density N(R) (drops/mm3) versus droplet 

radius R (mm) in the solid phase (red circles) and the liquid phase (blue squares) of the PC-

SLIPSs (j). The theoretical correlations for dropwise condensation proposed by Rose et al.56 

and power-law fitting introduced by Weisensee et al.59 are included for comparison. 

The results (Figure 10d-i and Videos S3-S4 in the SI) show that the thermo-responsive 

droplet size distributions have been achieved for the first time on the PC-SLIPSs. As a further 

quantitative analysis of the dynamic condensation and to demonstrate the distribution of the 

different droplet sizes depending on the phase of the PC-SLIPSs, we make use of the droplet 

number density N(R) (drops/mm3) as widely accepted in the literature.56,59 The droplet 

number density N(R) can be estimated from the total number of droplets Nd of a given size R 

divided by the surface area A (10 × 10 mm2) and the size of the droplets R as follows:

N(R) = (Nd/A)/R                                                     (4)

To represent the effect of the droplet size distribution on the shedding behavior, the N(R) 

values are averaged from three different experimentations right before a shedding event 

ensues in both the solid and liquid phases, i.e., when the droplets experience their greater 

sizes. Figure 10j plots the droplet number density N(R) with respect to the droplet radius R, 

which is also compared with the models suggested by others.56,59 The results show that the 

maximum radius for droplet shedding shifts from as large as 0.53 mm in the solid phase 

down to as small as 0.35 mm in the liquid phase. In addition, a higher droplet number density 

in the liquid phase than that in the solid phase of the PC-SLIPSs is remarkably shown. We 

note a good qualitative agreement between the droplet number density of the PC-SLIPSs and 

the theoretical correlations suggested by the Rose56 and Weisensee models.59 The deviation 

of the experimental data from the theoretical prediction is attributed to the fact that the 

experimental data were chosen at the moment right before the onset of shedding, i.e., when 
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the droplets display their greater sizes, and the precise estimation of droplet sizes in the order 

of tens of micrometers was also difficult. Dropwise condensation on regular LISs or SLIPSs 

have demonstrated the different maximum size of the shedding droplets depending on the 

condensing liquid even for low surface tension fluids.60,61 Meanwhile, the type of lubricant 

was found not to affect the droplet size distribution for water condensing on the SLIPSs but 

to affect the droplet shedding velocity.59 This was also the case for low surface tension fluids 

where, for the same hydrophobic nanostructured surface, the lubricant impregnated did not 

influence the maximum size of the shedding droplets.61 Further, whereas Maeda et al. 

observed a quantitative change in the droplet size distribution when comparing the type of 

hydrophobic structured surface underneath, the clear shift on the droplet size distribution 

range and that of the maximum droplet size from approximately 600 µm to 300 µm  was not 

reported.62 The results show that the unique thermo-responsive switchable wettability allows 

the dropwise condensation in both the solid and liquid phases of the PC-SLIPSs, with the 

additional features of the control of droplet sizes and droplet number density that can also 

lead to effective performance for condensation heat transfer applications.56,59 We note here 

that the wide range of PCMs and melting temperatures call for further exploration for the 

specific condensation heat transfer applications.

CONCLUSIONS

PC-SLIPSs (phase-change slippery-liquid infused porous surfaces) have been presented 

paying special attention to the microscopic features, the thermo-responsive wettability and 

the contact line depinning dynamics, as well as the condensation patterns. The PC-SLIPSs 

were fabricated via spin coating and subsequent thermal annealing of an optimized amount of 

paraffin wax providing decreased surface adhesion (low adhesion Wenzel state) and absence 
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of excess of paraffin wax when compared to earlier reported dip coating procedure inducing 

high adhesion Wenzel state. As a result, the contact line dynamics appears to be weakly 

pinned in the solid phase (low adhesion Wenzel state), strongly pinned in the mush phase 

(high adhesion Wenzel state), and virtually non-pinned in the liquid phase (slippery state). 

Last, the thermo-responsive nature of the condensation patterns, i.e., the different size of the 

shedding droplets between the solid and liquid phases, has been demonstrated and supported 

on the premise of low adhesion Wenzel and slippery states. Especially, a larger droplet 

density in the liquid phase switches towards smaller droplet density in the solid phase. Based 

on the imposed temperatures, tunable wettability is therefore the distinct feature of the PC-

SLIPSs driven by the solid, mush and liquid phases. 

EXEPERIMENTAL SECTION

Materials. Copper plate (15 mm×15 mm×0.4 mm) has been employed as a substrate (pristine 

copper surface). Paraffin wax (melting temperature of 60-62 °C) and ammonium peroxide 

[(NH4)2S2O8)] were bought from Sinopharm Chemical Reagent. Absolute ethanol 

(CH3CH2OH), acetone (C3H6O), xylene (C3H8) and sodium hydroxide (NaOH) were bought 

from Shanghai Lingfeng Chemical Reagent. 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane 

(POTS) having purity of 97% was purchased from Alfa Aesar. 

Fabrication of Hydrophobic Porous Surface and the Paraffin Wax Coating. The porous 

copper surface was prepared via chemical oxidation by following our previous work,9 which 

is explained schematically in Figure 1. Prior to oxidation, copper plate was cleaned by 

acetone, and then dipped (reaction time: 1 hour at 70 °C) into highly alkaline solution of 

aqueous sodium hydroxide (2.5 M) and aqueous ammonium persulfate (0.1 M), serving as pH 

controller and oxidizing agent, respectively. Subsequently, surfaces were rinsed with distilled 
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water, dried by nitrogen gas and then baked at 180 °C to ensure the formation of cupric 

oxide, providing deep black and velvety appearance of the nanostructures yielding average 

surface roughness of 1.79 μm.9 The nanoporous copper surfaces were hydrophobized by 

immersing in 1% ethanol solution of POTS (1H,1H,2H,2H-perfluorooctyltriethoxysilane) for 

12 h at ambient temperature, and subsequently baked at 120 °C. Afterwards, the paraffin wax 

was dissolved using xylene as a solvent, resulting in paraffin-xylene (hereinafter refer to as 

PX) solution. Regardless of critical stoichiometric quantities, the concentration of solution 

has been arbitrarily set such that the liquid phase of paraffin wax could be sustained at 

ambient temperature, thus enabling to properly make use of the spin coating technique. 

Accordingly, 9.6 wt% (1.4 g), 10.2 wt% (1.5 g) and 10.8 wt% (1.6 g) paraffin wax were 

dissolved in 15 ml (12.67 g) xylene. For spin coating, 100 μL PX solution was filled in digital 

pipette, and was poured down onto the porous substrates followed by the spinning at 4000 

rpm for 30 s, and this procedure was repeated three times ensuring that the entire sample was 

fully coated. Spin coating helped eliminate the excess of paraffin wax. After spin coating, the 

surfaces were dried overnight at ambient temperature so as to evaporate the xylene, and 

afterwards, they were subjected to thermal annealing at 75 °C for 6 h, which not only ensures 

full impregnation of nanopores but also develops continuous cross-linking between the 

segregated paraffin wax crystals.

Characterization and Experimental Setup. Surface morphology of the PC-SLIPSs was 

characterized using optical microscopy (OLYMPUS BX51M) which was coupled with a 

Peltier device to control the temperature of the PC-SLIPSs. Surface roughness of the PC-

SLIPSs has been determined with the help of non-contact optical profiler (ZETA 20) at 

ambient temperature. The apparent contact angles and sliding angles were determined 

through optical contact angle (OCA) goniometer (OCA-20) by using water droplet size of 5 

μL. The size of the droplets was always kept below the capillary length to avoid the effect of 
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gravity on the droplet shape. In order to measure the contact angles at higher temperatures, 

the temperature control stage of OCA was set at the desired temperatures by circulating the 

hot water from thermostatic bath (DC-2020, CNSHP) connected to a water pump (PLD-

1205) running at a flow rate of 29 ml/s. 

To address the contact line dynamics, droplet evaporation was carried out at the same 

temperature control stage of the OCA, and the droplet-profiles were recorded by the OCA 

camera. The droplet size was kept to be 4 μL for all evaporation tests. Thereafter, the droplet 

base diameter, receding angle in evaporation θre and apparent contact angle θap were extracted 

from the OCA post-processing procedure. To estimate the depinning force, θap has been taken 

as the initial apparent contact angle, while θre has been taken at the moment when the first 

slip motion occurs on the PC-SLIPSs. 

Water vapor condensation test were carried out through a custom-built condensation unit, 

as shown in Figure S7 in the SI. The steam enters the vapor chamber from the steam 

generator. The steam temperature was 99 ± 1 °C which was measured via a T-type 

thermocouple (as shown in Figure S7 in the SI) suspended in the vapor chamber. A copper 

block (20 mm×20 mm×5 mm) was employed whose square-shaped front head opens into the 

vapor chamber, while the rear end was welded with a chiller (cold water heat exchanger) 

having dimensions of 40 mm×40 mm×10 mm. The chiller was connected with thermostatic 

bath (DC-2020, CNSHP) to provide cold water. Onto the front head of copper block, the PC-

SLIPSs were attached through conductive thermal grease. The temperatures on the PC-

SLIPSs were estimated through a thermocouple (T-type) inserted into the copper black at a 

distance of 0.4 mm from its front head. By fixing the temperature of the chiller water at 20 °C 

and 55 °C, the condensation patterns in solid phase (surface temperature of 25 °C 

approximately) and liquid phase (surface temperature of 62 °C approximately), respectively, 

were recorded through HD camera. 
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