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Abstract 

Evaporation is crucial in many applications. One of the critical parameters affecting evaporation 

is surface wettability, which is often tailored using coatings and micro or nanoscale features on the 

surface. While this approach has advanced many technologies, the ability to control wettability 

dynamically can add new functionalities and capabilities that were not possible before. This study 

demonstrates how a self-cleaning superhydrophobic surface with an equilibrium contact angle of 

155o can dynamically change to a superhydrophilic surface with a contact angle near 0o, resulting 

in drastically different evaporation characteristics. Specifically, we find that the evaporation rate 

and surface temperature reduction due to the resulting cooling are 3-times higher due to the change 

in surface wettability. This change in wetting behavior is due to the use of an amino-silane (N-(2-

Aminoethyl)-11-aminoundecyltrimethoxysilane)-functionalized surface, which is altered in the 

presence of dilute acetic acid. Upon complete evaporation, the surface reverts to superhydrophobic 

behavior. This reversible behavior is not seen in traditional non-wetting coatings like 

perfluorodecyltrichlorosilane and lauric acid. This strategy for dynamic control of wettability and 

evaporation can lead to advancements in many applications ranging from self-assembly-based 

fabrication processes to oil-water separation and advanced thermal management technologies.  

Keywords 

Switchable Wettability; Dynamic Wettability; Dynamic Contact Angle: Switchable Evaporator; 

Dynamic Evaporator; Self-cleaning Surface; Thin-film Evaporation; Evaporative Cooling  

Introduction 

Droplet evaporation is essential in many applications, including lab-on-a-chip technologies1, inkjet 

printing2–4, biosensing5, manufacturing6, and cooling7–10. Evaporation is strongly coupled to the 

wettability of a surface, as observed in several studies. For example, biphilic patterns consisting 

of hydrophilic and hydrophobic spots are known to affect droplet evaporation11,12 and boiling 

characteristics of water13. Wettability can affect the crystalline patterns resulting from the 

evaporation of saline droplets14, the efficacy of transparent heaters for deicing surfaces15, solar-

water desalination16, a quartz crystal microbalance’s response to droplet evaporation17, and the 

self-assembly of particles in nanofabrication18. Likewise, droplets evaporating on chemically 

patterned surfaces could become unstable and break up due to different surface wettabilities19. 

Besides, extreme wetting or non-wetting surfaces are often desired for self-cleaning20, anti-

fogging21, anti-icing22, and antibacterial action23,24, where the substrate is modified with coatings 

and micro and nanoscale roughness.  



Improving evaporation kinetics using thin liquid films requires super-wetting surfaces, while 

vapor-to-liquid dropwise condensation and self-cleaning surfaces favor non-wetting 

characteristics25–27. A spherical or non-wetting evaporating droplet has to rely on heat diffusion 

across the drop28, which can be inefficient, resulting in slow evaporation kinetics. Strategies to 

overcome this limitation include preheating the evaporating liquid, which can reduce the time to 

heat a relatively cold droplet and the total evaporation time29. Recent efforts for improvement 

include the use of microgrooved surfaces on polished silicon, which enhances droplet spreading 

and lowers evaporation time30. Likewise, fabrics allowing water to spread and evaporate quickly 

can be eco-friendly low-energy alternatives for air-conditioning31.  

Although several studies have shown cooling rate enhancement with permanent changes in surface 

wettability, using a dynamically switchable surface is relatively uncommon32–35. While tailoring 

wetting properties has benefited many applications, the ability to switch wettability dynamically 

can allow additional functionalities and capabilities. Dynamic surfaces can transition between 

superhydrophobic and superhydrophilic states, often with an external stimulus. Such surfaces have 

broad applications in controllable drug release36, oil-water separation37–39, and condensation40.  

The significance of the present study is the demonstration of both self-cleaning and thin-film 

evaporative cooling characteristics. It presents a superhydrophobic surface on which water 

droplets roll off easily to self-clean the surface. However, the droplets evaporate relatively slowly 

- by using a slightly modified working fluid, the surface can drastically alter its wettability to a 

superhydrophilic state. Consequently, the evaporation characteristics change dramatically, 

yielding a relatively high evaporation rate and surface cooling. This switchability can be helpful 

in several applications, including filters for oil-in-water and water-in-oil emulsion separation, 

accelerated self-assembly-based fabrication processes, and advanced active thermal management 

technologies. Such materials can also reduce the cost of creating multiple surfaces with different 

wettabilities. Cost savings are also expected from utilizing the same surface for high heat 

dissipation and self-cleaning, as opposed to using additional resources for cleaning. 

Experimental Setup and Procedure 

Materials 

This study used the following chemicals and materials. N-(2-Aminoethyl)-11-

aminoundecyltrimethoxysilane or “amino-silane” (C16H38N2O3Si) from Gelest, lauric acid 

(C12H24O2, 99%) from Sigma Aldrich, perfluorodecyltrichlorosilane or FDTS (C10H4Cl3F17Si, 

97%) and aluminum foil (0.25 mm thickness, 99% pure) from Alfa Aesar, ethanol (C2H5OH, 200 

proof) from Thomas Scientific, sodium hydroxide (NaOH, 98.9%) and hydrochloric acid (HCl, 

38.0%) from Fisher Chemicals, acetic acid (CH3COOH, 99.7%,) from Acros Organics and acetone 

((CH3)2CO) from Rensselaer Polytechnic Institute. 

Surface Characterization 

The surface roughness of aluminum samples was observed using a scanning electron microscope 

(SEM, Carl Zeiss Supra 55 FESEM), and elemental analysis was performed using energy 

dispersion spectroscopy (EDS, Oxford Aztec). A digital single-lens reflex camera (Nikon D610) 



was used for photos and videos. A contact angle measuring instrument (Rame-Hart, Model 590) 

was used to characterize wetting behavior and quantify evaporation kinetics. The average contact 

angles reported in this study are an average of 3 measurements on the same sample, which are 

provided in the supporting information. Elemental composition was measured using x-ray 

photoelectron spectroscopy or XPS (PHI 5000 Versaprobe).  

Surface Preparation 

Flat aluminum foils (1×1 cm) were cleaned ultrasonically in acetone, ethanol, and de-ionized (DI) 

water for 5 minutes each. The samples were then submerged in a 3% NaOH solution at 90°C for 3 

minutes with continuous stirring at 250 RPM. Then the samples were etched in 3M HCl solution 

for 4 minutes with stirring at 250 RPM. Then the samples were rinsed with DI water and dried 

with nitrogen gas. The etched aluminum foils were then treated with different surface modification 

solutions, as shown in Table 1. Finally, the fabricated samples were cleaned in ethanol and placed 

in an oven (100°C) for 25 minutes to dry.  

Table 1. Chemical composition and duration of coatings to prepare hydrophobic samples 

Chemicals Composition  Time (min) 

Amino-Silane, Ethanol, DI Water 1%, 98%, 1% (v/v) 5 

Lauric Acid, Ethanol 20%, 80% (w/v) 30 

FDTS, Ethanol, DI Water 1%, 98.5%, 0.5% (v/v) 5 

Experiment Setup 

Figure 1 illustrates the closed environmental chamber used to study droplet evaporation. Droplets 

(~10 μL) containing DI water and 5% acetic acid (v/v) were deposited on the surface through a 

removable rubber gasket. The goniometer measured the gradual change in droplet volume and 

contact angle at either 0.2 or 5 FPS (frames per second). The experiments were performed at room 

temperature (24°C), 1 atm pressure, and slightly varying relative humidity. The aluminum samples 

were interfaced to a 1×1 cm ceramic (aluminum nitride) heater (Watlow)41 using a silicone thermal 

paste (S606C, T-Global Technology) with a nominal thermal conductivity of 5 W/mK42. The K-

type thermocouple built into the ceramic heater was used for recording the temperature. All 

experiments were initiated at ~60°C.  

     

Figure 1. Experimental setup for the evaporation process 



The goniometer’s profiler quantifies droplet shape and volume, thus allowing calculation of the 

evaporation rate as a function of time. However, this approach becomes exceedingly challenging 

when the surface is superwetting since it is difficult to resolve the boundary of the droplet. Hence, 

another strategy to predict the evaporation rate in this study involved calorimetry - using the 

change in the temperature of the ceramic heater versus time. Using energy conservation and 

lumped analysis for an evaporating droplet on the ceramic heater, the equation governing droplet 

mass (𝑚𝑑) and evaporation rate (𝑚̇𝑑) is given by:  

 𝑉𝐼 − 𝑚̇𝑑ℎ𝑓𝑔 − 𝑞ℎ − 𝑞𝑑 = 𝑚𝑑𝑐𝑑
𝑑𝜃𝑑

𝑑𝑡
+ 𝑚ℎ𝑐ℎ

𝑑𝜃ℎ

𝑑𝑡
 (1) 

Here, 𝜃𝑑 = 𝑇𝑑 − 𝑇∞ and 𝜃ℎ = 𝑇ℎ − 𝑇∞ denote the average droplet and heater temperatures relative 

to the ambient temperature. 𝑞ℎ and 𝑞𝑑 denote heat loss from the surfaces of the heater and droplet 

to the ambient, respectively. ℎ𝑓𝑔 denotes the latent heat of vaporization, and 𝑚𝑑𝑐𝑑 and 𝑚ℎ𝑐ℎ are 

the heat capacities of the droplet and the ceramic heater, respectively. 𝑉 and 𝐼 are the potential and 

current flow across the heater.   

Infrared imaging of the droplet and heater (supplementary information) indicates that they are in 

thermal equilibrium (𝜃𝑑 ≈ 𝜃ℎ) within a few seconds (~7 s) of droplet deposition. Hence, it is 

possible to simplify Eqn. (1) by noting that 𝑚ℎ𝑐ℎ ≫ 𝑚𝑑𝑐𝑑 and 𝑞ℎ ≫ 𝑞𝑑 since the heat capacity 

and surface areas associated with the ceramic heater are much larger than the droplet (see 

supplementary information). The following equation allows for calculating the evaporation rate 

(𝑚̇𝑑) from temperature measurements.  

 𝑚̇𝑑 =
1

ℎ𝑓𝑔
(𝑉𝐼 − 𝑚ℎ𝑐ℎ

𝑑𝜃ℎ

𝑑𝑡
− 𝑞ℎ) (2) 

For calculating 𝑚̇𝑑 at any instant, 𝑞ℎ is calculated by adding the heat loss from each face (𝐴𝑖) of 

the ceramic heater as 𝑞ℎ = ∑ ℎ𝑖𝐴𝑖𝜃ℎ𝑖 , which takes into account the orientations of these faces for 

the calculation of the respective heat transfer coefficients, ℎ𝑖. The results compare the evaporation 

rates calculated using Eqn. (2) and the goniometer, showing good agreement indicating that Eqn. 

(2) is relatively accurate in calculating the dynamic change in evaporation rate. This added 

capability is handy when quantifying the evaporation rate using visualization becomes 

challenging. The manuscript will henceforth use water to refer to DI water and acetic acid to imply 

a 5% acetic acid (v/v) solution to be concise.  

Results 

Sample Morphology and Composition 

SEM images (Figure 2) show that pristine aluminum samples are relatively smooth compared to 

the aluminum samples after the etching process. Etching creates microstructures on the aluminum 

substrate, creating air voids throughout the sample. Also, functionalizing the rough surface with a 

thin chemical layer does not significantly impact the surface morphology. Additional chemical 

characterizations (EDS), provided in the supplementary data, show successful conformal coating 

of samples with amino-silane, lauric acid, and FDTS. 



 

Figure 2. SEM images of the aluminum surface used for evaporation. (a1, a2) Pristine aluminum samples. 

(b1, b2) Etched aluminum samples. (c) Etched sample after amino-silane modification. (d) Etched sample 

after lauric acid modification. (e) Etched sample after FDTS modification.  

Surface Wettability and Self-Cleaning 

The focus of this paper is to create dynamically responsive surfaces for high evaporation rates that 

also have superhydrophobic self-cleaning capabilities. The amino-silane-modified sample has 

non-wetting characteristics comparable to frequently used chemicals like lauric acid and FDTS. 

However, the amino-silane-modified sample can switch to a wetting surface with the addition of 

acetic acid. The samples coated with FDTS, lauric acid, and amino-silane are shown in Figure 3, 

with their respective interactions with water and acetic acid. The average contact angles for water 

on all samples exceed 150°. Although acetic acid drops are non-wetting on FDTS and lauric acid-

coated samples, they wet the amino-silane-coated sample. The amino-silane-coated samples show 

resilience to a wide range of other liquids. Besides studying the non-wetting properties of water, 

other solutions, including common household liquids, were tested on the amino-silane-coated 

samples (Figure 4). All liquids, including acidic (HCl) and basic (NaOH) solutions, show non-

wetting interactions with the amino-silane-modified surfaces, varying in contact angle based on 

each liquid’s chemistry and surface tension.  



 

Figure 3. (a) The average contact angle of water on aluminum samples with different coatings. (b) The 

interaction of water and acetic acid with aluminum samples with different coatings.  

 

Figure 4. (a) Contact angle measurements of different household liquids on the amino-silane-coated 

aluminum substrate, and (b) a digital photo of the corresponding liquids on the same sample.  

The self-cleaning ability was tested using dirt on the amino-silane-modified sample, as shown in 

Figure 5. The water droplets (25 μL), placed on the sample inclined at 30°, roll down the 

superhydrophobic surface carrying dirt and other debris, leaving a clean sample. The full video 

can be seen in the supplementary data. 

 

Figure 5. The self-cleaning test with water droplets rolling off an amino-silane-coated sample covered in 

dirt. The scale bar and all samples are 1 cm in size.  

Switchable Evaporation Kinetics 

Evaporation tests on various samples were conducted using single and two-droplet experiments. 

Single droplet experiments involved evaporating water or acetic acid droplets on different surfaces 

in the closed environmental chamber (Figure 1). The two-droplet experiments involved placing a 

droplet of water on the surface, followed by a second droplet of either water or acetic acid within 

400 s of placing the first drop. The single droplet experiments show how surface wettability affects 



evaporation kinetics through the lifetime of the droplet. The two-droplet experiments demonstrate 

how conventional non-wetting surfaces maintain relatively slow evaporation kinetics, while acetic 

acid on amino-silane-coated samples allows switching the wettability from non-wetting to wetting 

states on demand, which accelerates the evaporation process.  

Figure 6(a) and (b) show the droplet volume and heater temperature versus time for a single water 

droplet deposited on an amino-silane-coated aluminum substrate. Figure 6(c) shows the 

evaporation rate calculated using Eqn. (2) and the slope of volume versus time data from the 

goniometer. The evaporation rate calculated using the volume data is relatively noisy compared to 

that of the temperature sensor, as evident in Figure 6(c). Moreover, resolving the droplet shape on 

superwetting surfaces and towards the end of its lifetime is challenging and error-prone. In this 

case, the uncertainty in temperature measurements and the corresponding calculated evaporation 

rates, denoted by shaded regions in Figures 6(b) and (c), are ±0.5 ℃ and 0.005 μL/s, respectively. 

Figure 6(c) shows that the evaporation rates calculated using the goniometer are within the 

uncertainty bounds of the rates calculated using the heater’s temperature sensor.  

 

Figure 6. The temporal change in (a) heater temperature and (b) droplet volume when water evaporates on 

an amino-silane-coated sample. (c) Evaporation rates versus time calculated using Eqn. (2) and 

goniometer’s volume data. The shaded region indicates the uncertainty in plotted parameter.   

Figure 6(a) from the goniometer shows that for a 10 μL droplet, it takes approximately 780 seconds 

for complete evaporation, corresponding to an average rate of 0.0128 𝜇L/s that agrees well with 

the results shown in Figure 6(c). The temperature change with time indicates a steep initial 

decrease since the evaporation rate and heat loss exceed the heating power. The temperature 

decreases until the heating power matches the evaporation rate and the heat loss. Beyond this stage, 

the temperature continuously increases until it reaches the initial state, where the heat loss balances 

the heat generation rate in the absence of the droplet. An inflection in the temperature rise occurs 

when the droplet evaporation is complete.  

We compared the evaporation of water and acetic acid droplets on substrates coated with different 

molecules (Figure 7). Substrates coated with amino silane offer a unique opportunity to control 

evaporation kinetics. The evaporation rate of 10 μL-water drops is similar across all the non-

wetting substrates coated with amino-silane, lauric acid, and FDTS (Figure 7(a-c)). With an initial 

evaporation rate close to 0.02 μL/s, the droplets take close to 900 s to evaporate completely. In 

this regard, even the evaporation of 10 μL droplets of acetic acid on lauric acid and FDTS-coated 

substrates is comparable to the evaporation of pure water. The change in slope observed near 700 



s in all the experiments is due to a shift in evaporation characteristics. Around this time, the droplet-

substrate contact area begins to decrease due to droplet recession, which results in a steeper drop 

in evaporation rate. A small yet repeatable anomaly is observed in the evaporation of acetic acid 

on lauric acid-coated samples (Figure 7(e)). Around 500 s, when the droplet becomes significantly 

smaller than the initial size (10 μL), it spreads on the surface, which increases the surface area for 

evaporation and the corresponding rate. A possible explanation is the wetting of regions not 

covered by lauric acid, which only occurs when the droplet becomes very small (less than the 

characteristic size of islands coated by lauric acid). This anomaly, unique to this liquid-substrate 

combination, is repeatable and also seen in two-drop experiments discussed later. 

The evaporation of acetic acid on amino-silane (Figure 7(d)) is significantly different, with peak 

evaporation rates almost 3-times higher than those observed in other trials. In this case, we see 

peak evaporation rates close to 0.06 μL/s as opposed to peak values of 0.02 μL/s seen in other 

experiments. Figure 7(d) shows an initial steep increase, followed by steady evaporation and a 

steep decrease in the evaporation rate. The initial increase and the subsequent decrease in rate 

correspond to droplet spreading and receding on the surface, which changes the area available for 

evaporation. Unlike other trials, Figure 7(d) is different because acetic acid changes the wetting 

nature of the amino-silane-coated samples with a contact angle close to 0°.    

 

Figure 7. Evaporation rate in single-droplet experiments for (a) water on an amino-silane-coated sample, 

(b) water on a lauric acid-coated sample, (c) water on an FDTS-coated sample, (d) acetic acid on an 

amino-silane-coated sample, (e) acetic acid on a lauric acid-coated sample, (f) acetic acid on an FDTS-

coated sample.  

The change in surface wettability takes place due to changes in surface-attached amino-silane 

molecules in the presence of dilute acetic acid (Figure 8). The exposure of amino-silane to acetic 

acid results in amidation or the formation of amide, subsequently allowing hydrogen bonding with 

water. In effect, the polar interaction of water with the surface allows wetting, which is amplified 



by the surface roughness. Amidation is easily reversible. In this case, dehydration or evaporation 

results in the removal of water and acetic acid, resulting in the recreation of the bond between the 

amine group and aluminum substrate, as illustrated below. Note that such a change in other surface 

functionalizing molecules (lauric acid and FDTS) does not occur with acetic acid because these 

molecules do not have the amine group that responds to the carboxylic group of the acetic acid. 

Hence, the evaporation kinetics remains fairly indifferent. 

 

Figure 8. The mechanism governing the wettability of an amino-silane-coated surface 

 

Figure 9. The XPS result of the bare aluminum slide, amino-silane coated slide and the amino-silane 

coated slide after being immersed in acetic acid. 

XPS results provide further insight into the nature of amino-silane-coated samples before and after 

dipping in acetic acid (Figure 9). For comparison, a bare aluminum sample does not contain any 



nitrogen and silicon peaks and has only a small amount of carbon from atmospheric contamination. 

The aluminum peaks are much more prominent since there is no silane coating. The functionalized 

sample contains nitrogen and silicon peaks from the amino-silane molecule and a significant 

increase in carbon atoms from the hydrocarbon backbone of the molecule. Even after exposure to 

acetic acid, nitrogen and silicon are still present on the surface, indicating that the coating has not 

been removed by acetic acid. However, the peaks corresponding to the nitrogen, carbon, and 

silicon atoms are diminished, indicating a decrease in the amount of amino-silane molecules on 

the surface. The first exposure to acetic acid is possibly removing excess amino-silane groups that 

are not covalently bonded to the aluminum surface, accounting for this difference in XRD. Losing 

the excess amino-silane molecules from the surface also decreases the contact angle after the first 

exposure to acetic acid, as noted in the surface durability tests (Figure 14).  

 

Figure 10. The peak temperature decrease during the evaporation of a single droplet of water or acetic 

acid on samples coated with amino-silane, lauric acid, and FDTS.  

A sudden change in wettability has significant consequences on the self-cooling of surfaces during 

evaporation (Figure 10). With samples on the ceramic heater generating a constant heating power, 

evaporating DI-water drops have similar cooling effects. All samples show a close to 4 oC peak 

temperature decrease due to evaporative cooling. In fact, even acetic acid drops on lauric acid-

coated and FDTS-coated samples show a similar 4 oC peak temperature drop. Evaporation of acetic 

acid on amino-silane-coated results in thin-film evaporation, which causes more than 14 oC peak 

temperature drop – a 3.5-times increase compared to other trials.  

The same experimental setup was used for two-droplet evaporation trials (Figure 1). In these tests, 

a water droplet was first placed on a surface-modified aluminum foil, followed by a second droplet 

of water or acetic acid to continue evaporation. Evaporation characteristics of water followed by 

another water droplet were similar on all non-wetting surfaces made using amino-silane, lauric 

acid, and FDTS. Evaporation of water followed by acetic acid droplets on lauric acid and FDTS-

coated surfaces is also comparable to the other experiments. However, the evaporation 

characteristics of a water droplet followed by acetic acid on amino-silane are markedly different. 

This difference is due to the sudden modification in surface wettability, which results in 

significantly different cooling or temperature drop. This test demonstrated how wettability and 

evaporation kinetics could be controlled on demand.   



Figure 11 compares the heater temperature in the two-droplet experiments on an amino-silane-

coated aluminum substrate. Insets in Figure 11 show droplet shapes at crucial instances during the 

experiment. For an experiment involving two successive water drops, the evaporation 

characteristics and sample temperature do not change appreciably during the experiment. The peak 

temperature decrease is close to 4 oC, which occurs when the second droplet is added to a partially 

evaporated first drop. However, when an acetic acid droplet is introduced midway through the 

evaporation of the first water drop, wettability changes drastically. This change substantially 

improves liquid spreading across the substrate, resulting in thin-film evaporation that decreases 

the substrate temperature by more than 14 oC at peak cooling. The higher evaporation rates also 

result in a shorter experiment where 20 μL of working fluid (water + acetic acid) evaporates much 

quicker than two successive water drops. Specifically, to evaporate 95% of the total volume in a 

two-drop experiment using only DI water droplets takes 1035 s, whereas it is 605 s for a DI water 

droplet followed by a 5% acetic acid droplet.   

 

Figure 11. Temperature change during evaporation on an amino-silane-coated sample when a water 

droplet is added to a water droplet versus an acetic acid droplet added to a water droplet.  

We now compare evaporation rates in two-droplet experiments to show that the change in cooling 

characteristics only occurs when acetic acid is used on an amino-silane-coated substrate. The 

evaporation rate for all six combinations of working fluids and substrate coatings is shown in 

Figure 12. Generally, for two successive water drops on amino-silane, lauric acid, and FDTS-

coated substrates (Figure 12a-c), there is a gradual decrease in evaporation rate followed by a spike 

and then a decrease again. A sudden decline in rate is seen at the final stages of evaporation, which 

also occurs in single droplet experiments. This decline corresponds to the disappearance of tiny 

droplets. On the contrary, thin-film evaporation is efficient from the very beginning. Hence, a 

sudden drop in the rate is not seen in acetic acid wetting amino-silane-coated samples (Figure 7d, 

Figure 12d) – it is a gradual approach to complete evaporation. Even in these experiments, the 

anomaly associated with acetic acid as the second droplet on lauric acid-coated substrates is seen 

near the end of evaporation at around 900 s (Figure 12e) with a spike in evaporation rate due to 



reasons explained earlier. These experiments show that acetic acid can significantly improve the 

evaporation rate of water on amino-silane when necessary. Peak evaporation rates in most 

experiments correspond to 0.03-0.04 μL/s, whereas water followed by 5% acetic acid droplets 

correspond to a peak rate exceeding 0.12 μL/s. When lower rates are sufficient, non-wetting 

droplets can provide a nominally low uniform evaporation rate, but adding acetic acid will enhance 

the average evaporation rate by 3-times.  

 

Figure 12. Two-droplet evaporation tests consist of adding a second drop after partial evaporation of the 

first drop. The top row shows the evaporation rate of two successive water droplets on (a) amino-silane, 

(b) lauric acid, and (c) FDTS-coated substrate. The bottom row shows the evaporation rate of water 

followed by an acetic acid droplet on (d) amino-silane, (e) lauric acid, and (f) FDTS-coated substrate.   

 

Figure 13. The peak temperature change with the addition of either water or acetic acid droplets 

Figure 13 compares the cooling or peak temperature decrease in the two-droplet experiments 

across different trials. While cooling is close to 4 oC in most experiments, it is more than 3-times 



higher (>14 °C) when acetic acid is used on the amino-silane-coated substrate. The acetic acid 

droplets on lauric acid and the FDTS-modified samples do not have an enhanced cooling effect 

since the surface wettabilities do not change with the addition of acetic acid. 

Repeatability 

The wettability switching mechanism was tested multiple times to ensure repeatability. The testing 

cycle consisted of measuring the contact angle with water, then measuring the contact angle with 

an acetic acid droplet, then rinsing with water droplets allowing for complete evaporation, and 

then measuring the contact angle with water again. Twenty cycles of this test are shown in Figure 

14. The acetic acid droplet always showed complete wetting with a contact angle of ~ 0°. Similarly, 

the water droplet always shows contact angles exceeding 145o. After the first cycle, the water 

contact angle decreased from 153o to 145o; however, subsequent measurements showed similar 

contact angles. The chemical stability of the surface in acetic acid solutions of various 

concentrations is discussed in the supplementary information.  

 

Figure 14. The contact angle measured after each cycle of immersing the amino-silane sample in water 

and acetic acid followed by complete evaporation.  

The enhancement of evaporative cooling of a surface can lead to new and promising ways of 

lowering the temperature of electrical components or entire power systems. With switchable 

wettability, a self-cleaning superhydrophobic surface can dynamically change to a 

superhydrophilic surface with high heat transfer rates due to the formation of thin films. Our results 

also show that the surface can maintain its chemical composition after several cycles of reversible 

switching and interaction of liquids from everyday use.  

Conclusions 

This study demonstrates a self-cleaning superhydrophobic aluminum surface that can dynamically 

switch its wettability to yield a superhydrophilic surface advantageous for evaporative cooling 



using water. The surface becomes superhydrophobic again after complete evaporation. This 

reversible behavior of switching between equilibrium contact angles of 145° and 0° is due to the 

amino-silane-functionalized surface that changes wetting characteristics when exposed to acetic 

acid. Similar behavior is not seen in typical non-wetting coatings like lauric acid and 

perfluorodecyltrichlorosilane (FDTS) since they lack the amine group. In the non-wetting state, 

surfaces made with amino-silane, lauric acid, and FDTS all show similar evaporation behavior. 

Specifically, evaporation of a 10 μL water droplet takes place at 0.02 μL/s resulting in a surface 

temperature decrease of 4 °C ± 0.5 °C. On the other hand, evaporation of 5% acetic acid (v/v) (10 

μL droplet) on an amino-silane-coated surface takes place at 0.06 μL/s yielding a surface 

temperature decrease of 14 °C. Such switching over wetting and evaporation behavior can be 

instrumental in several applications, including nanoscale fabrication, inkjet printing, and self-

cleaning electronics. 
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