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ABSTRACT In this work, omniphobic surfaces are developed by combining chemical etching 

and surface modification of aluminum. In the first step, a hierarchical micro/nanostructuring is 

carried out by chemical etching. Thereafter, a perfluoropolyether is grafted onto the corrugated 

aluminum substrate, decreasing its surface free energy and turning the system omniphobic. The 

morphology and chemical composition of the developed surfaces are characterized. We observed 
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a low affinity towards liquids, regardless of their chemical nature and surface tension. The 

surface shows superhydrophobic properties with water contact angles of 160° and 

simultaneously strong oleophobic properties with hexadecane contact angles of 141°. 

Furthermore, these omniphobic surfaces significantly delay the freezing time of water droplets to 

5100 seconds, which is about 20-fold of the freezing time on pristine aluminum (260 seconds) 

and they even inhibit ice growth by repelling the incoming droplets prior to ice nucleation.  

INTRODUCTION 

The wetting properties of surfaces play an enormous role in numerous applications. 

Repellent surfaces are either hydrophobic or oleophobic and are usually designed to repel either 

polar or nonpolar liquids. However, those properties are not mutually exclusive. Omniphobic 

surfaces offer the potential to repel both high and low surface tension liquids, including water, 

oils and alcohols.1,2 Designing omniphobic surfaces has attracted interest in recent years due to 

their broad impact on industrial applications, including self-cleaning,3,4,5 anti-fouling,6 water-oil 

separation7 and anti-icing,8,9,10  

The impact of the surface on safety risks and the economy is huge. According to the 

United States National Highway Traffic Safety Administration (NHTS) data, approximately 21% 

of vehicle crashes are related to weather conditions and average statistics show that annually 

more than 150,000 crashes occur because of icy roads.11 Electrical power lines often suffer 

failures due to excessive ice loading12 and ice accumulated on wings of aircrafts negatively or 

even catastrophically affects the aerodynamic performance disrupting laminar airflows and 

decreasing the lift force.13 Additionally, icing of wind turbine blades can reduce the annual wind 

energy conversion by 50%.14 Functionalizing surfaces to prevent icing (anti-icing) and to repel 
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ice (ice-phobic) became greatly interesting for both fundamental research and industrial 

applications.  

The low surface free energy (SFE) of omniphobic surfaces may benefit anti-icing behavior by 

delaying the freezing time of water droplets and/or repelling water droplets from the surface 

before freezing starts. The use of perfluorinated compounds is widely proposed to obtain such 

low SFE surfaces. However, this family of compounds has been identified to cause a number of 

environmental issues.15  Indeed, the use of perfluorinated molecules with chains longer than 

eight carbon atoms has been limited for several applications due to their toxicity, high 

persistence and bioaccumulation.16 Therefore, to achieve persistent liquid repellency for various 

applications, omniphobic surfaces, based on alternative low SFE compounds, are sought for.16  

Omniphobic surfaces with covalently anchored perfluoropolyethers (PFPEs), able to repel any 

type of liquids, including water droplets, appear to be excellent candidates to address the above-

mentioned  issues.17 Indeed, the use of PFPEs has been investigated after anchoring to smooth 

surfaces18,19 or forming hybrid sol-gel coatings.20,21 However, a direct covalent anchoring of 

PFPE molecules on tailor-made nanostructured surfaces is still unexplored.   

In this paper, a simple method to develop omniphobic aluminum surfaces with anti-icing 

properties by combining chemical etching and surface modification is reported. Aluminum has 

been selected as a base material for this development because of its relevance for the current and 

future industrial products. Its low specific weight, excellent thermal and electrical conductivity 

and low cost made it one of the most used metals in materials engineering. A hierarchical 

micro/nanostructuring of the aluminum surface was carried out through chemical etching with 

ferric chloride. Subsequently, the surface was modified with 



 4 

perfluoro(polypropyleneoxy)methoxypropyltrimethoxysilane, an environmentally safe and non-

toxic low SFE compound, in order to add omniphobic properties to the system. The wetting 

behavior of the developed surfaces and their relation to their surface roughness and chemical 

composition is discussed. The obtained omniphobic surfaces are tested against different liquids 

in order to characterize their omniphobicity. More importantly, we show for the first time that a 

PFPE, directly attached to the substrate, provides anti-icing properties. The freezing delay of 

water droplets and the ice formation process are analyzed to assess the anti-icing performance. 

 

EXPERIMENTAL SECTION 

Materials 

The used substrate was a 1050 aluminum alloy (provided by Alu stock) with a chemical 

composition of Al: 99.08 % min, Mg: ≤ 0.05 %, Mn: ≤ 0.05 %, Fe: ≤ 0.40 %, Si: ≤ 0.25 %, Cu: ≤ 

0.05 %, Zn: ≤ 0.07 %, Ti: ≤ 0.05 %. Ferric chloride hexahydrate (98%) and hexadecane (98%) 

were purchased from Sigma-Aldrich. Hydrochloric acid (37%), ethanol (96%) and acetone 

(96%) were purchased from Scharlab. 

Perfluoro(polypropyleneoxy)methoxypropyltrimethoxysilane (PFPE, 20% in fluorinated 

hydrocarbon) was purchased from Gelest. Perfluorotripentylamine (FC-70, 85%) was acquired 

from Apollo Scientific. Millipore water with a conductivity of 0.054 µS/cm was used in all 

experiments. All reagents were used as received.  

Methods 

Fabrication of hierarchical micro/nanostructuring on aluminum surfaces by chemical etching 
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Before the chemical etching, the aluminum substrates were washed with soap and thoroughly 

rinsed with millipore water, followed by sonication in acetone, ethanol and deionized water for 

10 minutes each at room temperature. Subsequently, chemical etching of the cleaned substrates 

was performed by immersion into a 14 wt. % aqueous ferric chloride solution at 50 °C for 

various periods of time.22 After etching, the samples were cleaned by sonication in isopropyl 

alcohol for 10 minutes and dried in a nitrogen gas stream.  

Chemical modification of aluminum surfaces 

Functionalization of pristine substrates and etched aluminum samples with PFPE was performed 

by drop-casting a 0.1 wt. % PFPE dispersion in FC-70. Special care has been taken that the 

surface of the sample was completely covered by the dispersion. After that, samples were stored 

in an oven with saturated humidity conditions at 60 °C during 3 hours to promote the hydrolysis 

of the PFPE molecules. Finally, an additional thermal treatment at 100 °C was carried out for 3 

hours.  

Surface characterization 

The surface morphology of the samples was analyzed using an ULTRA plus ZEISS field 

emission scanning electron microscope (FESEM). The examinations were carried out at 7 kV 

accelerating voltage. Topographical surface images were captured using a Leica DCM 3D 

confocal microscope. The surface roughness of the samples was examined using a Talysur 50 

mm Intra Taylor Hobson profilometer. The average of the surface roughness values was obtained 

by measuring at ten different positions. 
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Fourier transform infrared spectra (FTIR) of the samples were obtained with a PerkinElmer 

Frontier spectrometer equipped with an ATR sampling stage. The spectra were acquired from 20 

scans from 800 cm-1 to 4000 cm-1 and a resolution of 4 cm-1. 

The surface composition of pristine and treated surfaces was analyzed by X-ray photoelectron 

spectroscopy (XPS). The experiments were performed using a SPECS instrument equipped with 

a hemispherical electron analyzer and a monochromatized source of Al Kα X-rays. The 

calibration of the energy scale in all spectra was done by positioning the binding energy of the 

characteristic C 1s peak at 284.5 eV. The XPS spectra were deconvoluted into several sets of 

mixed Gaussian-Lorentzian (G-L) functions with Shirley background subtraction.23 

An Attension Theta Lite optical tensiometer was used to determine the contact angles of the 

films. Droplets of solvents were placed on a minimum of three different areas of the surface. The 

static contact angles were recorded using the Laplace-Young fitting method. The total SFE of the 

coatings was determined according to the Fowkes model using water and ethylene glycol as 

polar liquids and diiodomethane as non-polar liquid. 

The anti-icing experiments were carried out with an optical tensiometer. A fluid circulating 

cooling stage and the measuring chamber accessories were coupled to the equipment for 

temperature control and environmental protection, respectively. To determine the freezing delay 

time, the cooling stage temperature was decreased from room temperature to -11 °C at a relative 

humidity about  30% and the sample was placed over it. Once this temperature was reached, the 

sample was preconditioned for 10 minutes. Afterward, a 5 µL droplet of deionized water was 

placed on the cooled aluminum surface. The time at which the water droplet started to freeze was 

considered as freezing delay time. To evaluate the ice formation and accretion process, the 



 7 

substrates were fixed to the cooling stage with a tilted angle of 10° and allowed to cool down to -

10 °C. A 5 µL droplet of deionized water was placed onto the aluminum surface. All the 

experiments were monitored through the images obtained from the high-speed camera of the 

optical tensiometer equipment.  

The omniphobic performance of the surfaces was evaluated by testing their ability to repel 

methylene blue-dyed water and olive oil droplets. 

 

RESULTS AND DISCUSSION 

Surface morphology of the micro/nanostructured surfaces 

As a first step, the etching time was optimized in order to induce superhydrophobicity by the 

generation of micro-nanoscale roughness on the aluminum surface. This was achieved by 

immersion in a ferric chloride solution as described in the Methods part. After proceeding with a 

systematic study by varying the immersion time and the bath temperature, the optimal 

experimental conditions were identified to be 20 minutes etching at 50 °C, as shown in Figure 

S1. The surface morphology of the aluminum samples was analyzed by FESEM at different 

magnifications (Figure 1). A relatively smooth surface (Ra = 0.401 ±  0.036 μm and Rz =

2.639 ±  0.707 μm determined by profilometer) without the presence of significant structural 

motifs was observed for the pristine aluminum (Figure 1a, 1b). In contrast, micro and 

nanoscaled rectangular features, uniformly distributed over the surface, were observed on the 

samples etched under optimal etching conditions (Figure 1c). At higher magnification (Figure 

1d) the formation of iron spherulites could be observed, which increased the surface roughness 
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(Ra = 1.084 ±  0.347 μm and Rz = 8.071 ±  2.498 μm) and generated a hierarchical structure, 

as previously reported by Maitra et al.22  

In addition to FESEM micrographs, 3D topographical images (see Figure S2) and the roughness 

analysis in terms of Ra and Rz showed in Table S1 confirmed the increase of surface roughness 

as the etching time continuously increases.  

 

Figure 1. a) Low and b) high magnification FESEM micrographs of the pristine aluminum 

substrate. c) Low and b) high magnification FESEM micrographs of the aluminum surface after 

chemical etching using 14 wt. % aqueous ferric chloride solution for 20 minutes at 50 °C.  

Chemical composition of the modified surfaces 

In the next step, the corrugated surface was subjected to chemical modification with PFPE in 

order to reduce the SFE. The grafting of PFPE to the aluminum surface was evaluated by ATR-

FTIR and XPS. ATR-FTIR spectra of a pristine aluminum substrate and a PFPE film grafted 

onto a rough aluminum substrate are shown in Figure 2a. Characteristic absorption peaks of CF2 

and CF3 groups, corresponding to the stretching vibration of C-F bonds, were observed between 

1150 cm-1 and 1200 cm-1.24 The peak at 1006 cm-1 can be assigned to the C-O-C ether bond. The 
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presence of these characteristic bands are in agreement with those of pure PFPE and confirm the 

presence of PFPE molecules on the surface of the rough aluminum substrate. Similar absorption 

bands were obtained for the PFPE deposited on smooth aluminum (see Figure S3), which 

confirms successful surface functionalization. However, the sloping down of the baseline 

observed on the rough sample indicates a difference to the smooth substrate. This sloping was 

attributed to the scattering of the light on the rough surface.  

In addition to ATR-FTIR analysis, XPS spectroscopy was used in order to gain more insight into 

the surface chemical composition. The XPS survey spectra, shown in Figure S4 of Supporting 

Information, reveal a significant change in surface chemical composition after functionalization 

of the etched aluminum surface with PFPE. The atomic concentrations obtained from spectra in 

Figure S4 are listed in Table 1. A strong O 1s peak observed on both surfaces, reflecting the 

relatively high oxygen concentration as listed in Table 1, indicates the presence of oxidized 

aluminum surfaces. Indeed, the photoemission around the Al 2p core level, shown in Figure S5a 

for the unmodified surface was fitted with two mixed Gaussian-Lorentzian (G-L) functions, 

assigned to the metallic Al, Al0, and Al oxide, Al2O3, while the modified surface exhibits an 

additional peak related to some Al suboxides, Al-O (see Figure S5b). In addition, a strong C 1s 

peak from the pristine aluminum surface is related mostly to the airborne hydrocarbons adsorbed 

on the surface as confirmed by XPS (not shown). 

Table 1. The atomic concentrations of O, Al, C and F from unmodified aluminum substrate and 

PFPE film deposited onto rough aluminum substrate.  

Sample 
Atomic concentrations (%) 

O C F Al 

Unmodified aluminum 

substrate 
33.7 39.1 1.7 25.5 
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PFPE film deposited 

onto rough aluminum  
17.7 31.5 41.4 9.4 

 

Figure 2b shows the photoemission spectra of the PFPE film grown on the etched aluminum 

substrate around the C 1s core level. The C 1s emission exhibits a number of components 

originating from different carbon bonds of different relative concentrations. Eight contributions 

were employed for the Gaussian-Lorentzian (G-L) deconvolution to obtain a good fit of the 

experimental spectra. The photoemission from the PFPE-modified surface is dominated by the 

set of bonds related to the C-F complexes characteristic for PFPE. We assign the three peaks 

(peaks 2, 3, and 4) at the binding energy (BE) of 293.3eV, 291.0 eV and 289.05 eV to the 

characteristic C-F3, C-F2 and O-CH2-O bonds, respectively, in good agreement with the 

literature.25,26 Peak 1, at 292.4 eV, can be assigned to the C 1s emission from carbon F2C-O 

bonds,27,28 while the feature on the lower BE side (peak 8) corresponds to the C-Si bonds.29,28 

Besides, three carbon-related components characteristic for contaminated surfaces were also 

detected: C-C/C-H, C-O and C=O bonds at 284.5 eV, 285.95 eV and 287.75 eV, respectively 

(peaks 7, 6 and 5). The major contribution of these peaks (especially peaks 5 and 7) in the 

spectrum obtained from smooth surfaces (that is from non-etched and, consequently, more 

polluted surface) (see Figure S6) supports the hypothesis of surface carbon contamination as the 

main origin of the peaks 5-7. The presence of CF3, CF2, CF2-CH2 or O-CF2 bonding 

combinations reveals the functionalization of aluminum surfaces with fully grown PFPE films.  

The O 1s photoemission, shown in Figure S7, confirms further the functionalization of oxidized 

Al surfaces, characterized by an intensive peak at the BE of 535.5 eV related to the O-CF2 

bonds.30,28  
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Figure 2. a) ATR-FTIR spectrum of an unmodified aluminum substrate (black), PFPE deposited 

onto a rough aluminum substrate (cyan) and pure PFPE (green). b) XPS around C 1s core levels 

of PFPE film deposited onto a rough aluminum substrate. 

 

Wetting behavior of the modified surfaces  
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It is well known that the wettability of materials depends on both, the chemical composition, and 

the surface roughness. We used contact angle (CA) measurements to evaluate the effect of the 

PFPE grafting to aluminum substrates and the chemical etching to induce the surface roughness 

on the wettability. Figure 3a shows the results obtained using water and hexadecane as liquid 

probes in order to evaluate the wetting and omniphobicity of the prepared surfaces. Pristine and 

PFPE-modified aluminum substrates were subjected to water and oil repellency tests. As 

expected, the water and hexadecane CA for the pristine aluminum significantly increased after 

PFPE grafting from 70° to 116° and from <10° to 68°, respectively. Therefore, the wetting 

properties of aluminum changed from superomniphilic to omniphobic. This was attributed to the 

presence of -CF2 and -CF3 groups from the PFPE, which again confirms the surface 

functionalization. In addition, a strong relationship between the surface roughness and the CA 

was observed. The influence of the structuring of the aluminum surfaces was studied by 

chemical etching during different periods of time (see Figure S1). After PFPE grafting of the 

etched substrates, short etching times (1 minute) did not show any influence on the CA values. 

This fact is consistent with the observed surface morphology of the sample (Figure S1 a), which 

was rather smooth with only small regions with structural motifs. Increasing the etching time 

progressively increased the CA, reaching 160° in the case of water and 141° for hexadecane, for 

samples which underwent 20 minutes of etching treatment. In order to gain further insight into 

the liquid-solid interactions, the SFE of the various surfaces was determined. In general, the 

wettability of a solid by a liquid is reduced by lowering its SFE. Besides, it is important to take 

into account the nature of the SFE components, because they strongly affect the liquid-solid 

interactions.31 According to the Fowkes model, the SFE can be defined as a sum of its polar and 
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dispersive components and the contribution of each of them to the total SFE determines the 

affinity of a surface to liquids, depending on their polar or non-polar nature.32 

 Figure 3b displays the SFE of the different surfaces and the contribution of their polar and non-

polar components. As expected, the SFE of the pristine aluminum (39.22 mN/m) was reduced 

after the PFPE modification (10.80 mN/m). A further reduction was observed from etched 

samples, where a direct correlation between the reduction of the SFE and the increased surface 

roughness which was monitored in the present study by the etching time was also observed. Note 

the extremely low SFE of the samples etched during 20 and 30 min., reaching values as low as 

1.8 mN/m and 0.3 mN/m, respectively. An important observation is that, after modification, the 

contribution of the polar component to the total SFE is very little and almost negligible, as can be 

seen in Figure 3b. This means that lowering the affinity of a surface to a liquid is more strongly 

expressed with polar liquids like, for example, water. This insight consequently suggests the 

potential of the developed samples as an efficient anti-icing substrate. Furthermore, the stability 

of the surface modification was demonstrated by measuring the water and the hexadecane CA of 

the samples 10 months after their preparation, showing no variation of their CA´s values. 
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Figure 3. a) Static contact angles observed for pristine aluminum and PFPE-modified aluminum 

before and after chemical etching during different etching times. b) Total surface free energy and 

it's dispersive (non-polar) and polar components determined using the Fowkes model for pristine 

aluminum, PFPE-modified aluminum and PFPE-modified aluminum after chemical etching 

treatment during different etching times. The numbers x + PFPE indicate the etching times (in 

minutes). 

 

Anti-icing performance of omniphobic coatings 
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The weak interaction of the surface and polar liquids, such as water, may benefit the anti-icing 

performance of the developed omniphobic surfaces. Therefore, the freezing delay time and the 

ice formation from impinging droplets were evaluated, as depicted in Figure 4.  

The freezing delay time of water droplets was determined on both smooth and rough aluminum 

substrates, modified by PFPE, along with the pristine aluminum substrate, in order to evaluate 

the influence of the surface roughness on the freezing time. Figure 4a shows the evolution of a 5 

µL water droplet, placed onto the three different samples, from the liquid state to the frozen state. 

In all three samples, the water droplet showed similar behavior. In liquid state the droplet was 

transparent. The start of the freezing process was identified by the reduction of the transparency 

of the droplet. After freezing, the shape of the droplet changed showing a tip on the top of the 

droplet (see Figure S8). It is noted that during the freezing process of a water droplet, the 

freezing front moved from the solid-liquid interface to the top of the droplet, exhibiting 

heterogeneous freezing mechanism. The time needed for the droplet to freeze was significantly 

different for each surface. In the case of the pristine aluminum substrate, the droplet becomes 

completely frozen in 260 ± 15 seconds, while on the smooth PFPE-functionalized aluminum 

surface it took 780 ± 60 seconds. In contrast, for the rough PFPE-modified aluminum the time 

until freezing of the droplet was 5100 ± 125 seconds, considerably more than with the other two 

samples. The significant increase in the freezing time can be related to two different effects. On 

the one hand, the SFE of the pristine aluminum was reduced from 39.22 mN/m to 10.80 mN/m 

after modification with PFPE (smooth aluminum functionalized with PFPE). This SFE reduction, 

together with the low contribution of the polar component to the total SFE, lowered the affinity 

between the water droplet and the material surface, giving rise to an increase in the freezing 

delay time. The time required for a water droplet to freeze on the low SFE sample was 780 ± 60 
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seconds, thereby 3-fold that on pristine aluminum (260 ± 15 seconds). On the other hand, surface 

morphology also played an important role in the increase of freezing time. With 5100 ± 125 

seconds the freezing time on rough and PFPE-modified aluminum outperformed the freezing 

times on the other investigated surfaces. This remarkable increase of the freezing time by a factor 

of more than 6 was achieved by corrugation when compared to the smooth PFPE-modified. 

Furthermore, by combining the surface structuring and PFPE-modification an almost 20-fold 

delay in the freezing time compared to the pristine aluminum substrate was achieved. This 

behavior is attributed to the thermal conductivity. The thermal conductivity is related to the 

contact area between two phases, in this case, between the substrate surface and the droplet 

surface.33 On smooth surfaces, the contact area is maximized, in dependence on the wettability, 

thus the thermal conduction is also maximized. Consequently, the droplet freezes quickly on 

smooth surfaces. In contrast, if the droplet is placed onto a surface with a structured morphology 

in the Cassie-Baxter wetting regime, air will be trapped below the water droplet, thereby 

minimizing the contact area between the surfaces of the substrate and water droplet. The air 

trapped in the surface cavities is a poor thermal conductor and together with the reduction of the 

contact area, will considerably hinder the heat transfer between the substrate and the liquid, 

significantly delaying the freezing time of the droplet.34,35,36 The low hysteresis CA (7º) along the 

high CA (160º) displayed by the PFPE-modified rough aluminum reveals that the droplet on this 

surface is in the Cassie-Baxter wetting regime, preventing the water penetration between the 

surface topography features and trapped air pockets and delaying the frost formation process. 

Despite the heterogeneous ice nucleation theory, which establishes that a critical radius of ice 

nuclei smaller than the size of the surface features allows spontaneous ice growth,37 and an ice 

nuclei radio of 4.5 nm calculated at -10 ºC,38 significantly smaller than the size of the surface 
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features on the rough aluminum (see Figure 1, Figure S2 and Table S1), the substantial increase 

on the freezing delay time observed on the PFPE-modified rough aluminum, is attributed to the 

surface topography and to the small solid-liquid contact area and air pockets entrapped on the 

hierarchical micro/nanostructuring (hindering the heat transfer) providing a low rate for ice 

nucleation and growth as was previously described in references 39 and 36. 

Furthermore, ice formation from impacting droplets was evaluated on the three different samples 

as shown in Figure 4b. The experiment was carried out by tilting the substrates to 10° at a 

temperature of -10 °C and dropping one water droplet on the surface of each sample. As 

expected from the wettability, and according to the literature,40 the hydrophilic nature of the 

pristine aluminum substrate allowed the incoming water droplet to rest in contact with the 

surface, in this way promoting the ice nucleation and the subsequent droplet freezing (Figure 4b 

i). On the PFPE-modified smooth aluminum (Figure 4b ii), despite reduced interaction, the 

water droplet remains in contact with the surface and the freezing process occurs in a short 

period of time. However, on the rough PFPE-modified aluminum (Figure 4b iii), the impinging 

droplet fully bounced off of the surface before the ice nucleation started, thus preventing the ice 

formation. The above results verify the significantly greater efficiency of the rough, PFPE-

modified aluminum surface in the prevention of the ice formation than the pristine aluminum. 

Both, freezing delay time and ice formation experiments of Figure 4 confirm the great potential 

of the developed omniphobic surface as an anti-icing solution.  
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Figure 4. Anti-icing properties: a) Freezing delay time, b) Ice formation on i) Pristine aluminum, 

ii) PFPE-grafted smooth aluminum, iii) PFPE-grafted rough aluminum. 

In addition to assessing the anti-icing performance of the omniphobic surfaces against impinging 

water droplets, the frost formation from condensed droplets was also examined. The low-

temperature icing experiments were carried out on the cooling stage at -5 ºC with a RH of 60% ± 

5%. As shown in Figure 5, condensed droplets start to appear within 10 min on the pristine 

aluminum, completely covering the surface in 20 min. The aluminum surface was totally covered 

by ice in 30 min. The same behavior was observed for the PFPE-grafted on the smooth 

aluminum, however, the times required for the water droplets to condensate (30 min) and 

completely freeze (61 min) on the surface, were significantly higher. This fact was attributed to 

the lower SFE (i.e. less affinity for water) of these surfaces compared to that of the pristine 

aluminum. In contrast, tiny condensed droplets were not observed on the PFPE-grafted rough 

aluminum until 30 min after beginning the essay. After 85 min, a layer of ice completely covered 

the surface. Note that this time is notably higher than that required by both, the pristine 
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aluminum (30 min) and the PFPE-grafted on rough aluminum (61 min) surfaces to freeze. This 

significant delay on the ice formation is attributed to its low thermal conductivity derived from 

the low contact area between the droplet and the surface as consequence of the trapped air 

pockets on its hierarchical micro/nanostructuring.41 This result reveals that the PFPE-grafted on 

rough aluminum exhibits an increase on the icing delay time by almost 3-fold than on the pristine 

aluminum. 

The durability of the anti-icing properties of the surfaces was evaluated by measuring the contact 

angle of the samples after 5 freeze-thaw cycles. Contact angle values similar to those in the 

initial samples (prior to performing the freeze-thaw essay) were obtained. In addition, the 

freezing delay time of a droplet on the PFPE-modified aluminium surfaces has been determined 

three times on the same sample, displaying a similar freezing delay time in all the essays. These 

results prove that the anti-icing performance is also maintained after 3 freeze-thaw cycles. 
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Figure 5. Time-lapse photographs showing the frost formation process on the different surfaces 

at a temperature of -5 ºC. 

Omniphobic capabilities of the coatings 

In addition to the anti-icing properties, the omniphobic performance was also evaluated. In 

particular, the repelling ability against water and olive oil was verified. Omniphobic samples and 

pristine aluminum were tilted to an angle of 20° and water (Movie S1) and olive oil (Movie S2) 

droplets were deposited on the surface. In both cases, the liquid easily rolled off of the 

omniphobic surface without adhesion and without leaving a trace behind. In contrast, the liquid 

droplets remained well adhered to the pristine aluminum under identical conditions, 

demonstrating the well-expressed omniphobic character of the surfaces.  

 

CONCLUSIONS 

In summary, we have developed omniphobic aluminum surfaces by a simple 2-step method, 

which involves the fabrication of rough surfaces by chemical etching and further 

functionalization of the surface by grafting PFPE.  

This unique combination of tailored hierarchical nanostructured surfaces and chemical 

modification allowed to obtain low SFE surfaces with outstanding omniphobic behavior, 

including anti-icing (freezing delay time and ice formation) and repellency of liquids. Excellent 

anti-icing capabilities have been proven for the optimized sample, which achieved a 20-fold 

delay in the water droplet freezing time, if compared to pristine aluminum, and showed the 

ability to repel incoming water droplets before ice nucleation occurs. Furthermore, the contact 
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angles demonstrated a low affinity of the substrate surface to polar and non-polar liquids, 

showing their potential as omniphobic surfaces.  

 The remarkable experimental results achieved with a low-cost and easily up-scalable process, 

make the reported approach a very promising solution for applications where anti-icing and 

repellence are required or desired. 
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