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SUMMARY

Nature-inspired superamphiphilic surfaces have drawn tremendous attention
owing to its extreme liquid-loving behaviors. Herein, a micro-organized nano-
channel (Mo-Na) superamphiphilic anodic aluminum oxide (AAO) surface with
long-lasting superamphiphilic property is prepared by a facile one-step anodiza-
tion method with controllable temperature change. Analysis of dynamic wetting
behaviors on superamphiphilic Mo-Na AAO surfaces for various liquids reveals
that the spreading factor is in negative correlation with the surface tension and
liquid polarity. Detailed observation of the three-phase contact line shows a mi-
cro-scale capillary film on superamphiphilic Mo-Na AAO surfaces, which results
from the horizontal component of the capillary force. Taking advantage of the
superamphiphilic property, water droplets can spread completely on these Mo-
Na AAO surfaces within a short time, which can be applied for efficient heat dissi-
pation. Moreover, the unique AAO surface with Mo-Na structures also offers an
effective template for future efforts in AAO-based composite devices.

INTRODUCTION

Nature-inspired surfaces with extreme wettability have been widely studied (Archer et al., 2020; Aussillous

and Quere, 2001; Chen et al., 2018). For example, nature-inspired artificial superhydrophobic surfaces are

widely applied in various fields including self-cleaning, anti-icing, power generation, catalysis, liquid

manipulation, and so forth (Liu et al., 2019; Sun et al., 2019; Tian et al., 2016; Zhu et al., 2021). On the other

hand, nature-inspired superamphiphilic surfaces on which both water and oil can spread completely are

still in infancy and raise increasing attentions (Miao et al., 2019). Generally, liquid can completely spread

on superamphiphilic surfaces with apparent contact angles near 0� (Zhu et al., 2017b). The spreading pro-

cess can be analyzed with the spreading factor by recording the spreading radius (or contact angle) over

time, and the final spreading state can be described with the spreading coefficient by evaluating the total

force at the three-phase contact line (Harkins and Feldman, 1922; Tanner, 1979). When the spreading co-

efficient is positive, the three-phase contact line continues moving forward without pinning. Benefiting

from the super-spreading behaviors, thin liquid film covers a large contact area on solid, which can be uti-

lized both in scientific research and industrial applications. For example, thin and uniform functional films

can be generated on superamphiphilic surfaces in both organic and inorganic solvents, which presents a

facile and low-cost method in device fabrications (Zhao et al., 2020; Zhu et al., 2017a). Besides, taking

advantage of the strong interactions between liquid molecules and solid substrates, superamphiphilic sur-

faces can be used in liquid-infused anti-corrosion, anti-fogging, and self-cleaning for ships and vehicles

(Fujishima et al., 2008; Wang et al., 2012; Yao et al., 2013). Moreover, based on the controllable super-

spreading behaviors, liquid manipulation can be achieved both in painting and liquid separation (Min

et al., 2019; Sun et al., 2020; Wang et al., 2017; Zheng et al., 2018). Previous studies showed that the super-

amphiphilic surfaces can be obtained based on photocatalytic materials such as TiO2, PbS/CdS, etc (Li

et al., 2010; Wang et al., 1997), or various treatment methods such as plasma, surface grafting, spin coating,

etc. (Bui et al., 2015; Wu et al., 2016; Zheng et al., 2016) However, the low durability and complex fabrication

process with limited structures of superamphiphilic surfaces are still main problems. Various approaches

were proposed to construct surfaces with extremewettability, and the in situ anodizationmethod to growth

oxide layer is found to be a facile one with the advantage of high durability, offering an effective approach

to prepare superamphiphilic surfaces (Nakajima et al., 2019; Shahi, 2010; Tang et al., 2006).
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Among various in situ growth methods, the anodization process to grow anodic aluminum oxide (AAO)

layer with long-range ordered hexagonal structures on aluminum (Al) surfaces is widely used (Li et al.,

2018; Wen et al., 2017). Generally, nanoscale ordered AAO surfaces are studied and used as templates

to fabricate various nanostructures (Lee and Park, 2014). Improving the interfacial wettability can effectively

enhance the application of AAO templates by constructing various structures. For example, three-dimen-

sional interconnected nanoarchitectures are generally prepared with superhydrophilic properties (Dudem

et al., 2016; Martin et al., 2014; Ye et al., 2009). But the limited nanoscale structures of AAO surfaces

restricted their applications, and hierarchical AAO surfaces with micro-nano composite structures of

unique properties drew more and more attention, especially in photovoltaic devices, optics, sensors,

and so on (Fan et al., 2009; Lee et al., 2017; Zhang et al., 2017). To fabricate micro-nano hierarchical struc-

tures with extreme wettability, several typical methods were reported such as regulating the anodization

time (Kang et al., 2015), changing the type and concentration of electrolyte (Kikuchi et al., 2014), laser-as-

sisted solvent spreading (Lv et al., 2015), etc. However, these methods to fabricate hierarchical AAO sur-

faces are usually complex and time-consuming involve several steps such as heat treatment, polishing, first

anodization, second anodization, pore etching, laser treatment, and so forth (Bae et al., 2015). Hence a

facile fabrication method to prepare ordered hierarchical AAO surfaces with superamphiphilic property

is still a remaining challenge.

In this work, micro-organized nano-channel (Mo-Na) AAO surfaces were prepared by a facile one-step

anodization method with controllable temperature change. The as-prepared superamphiphilic Mo-Na

AAO surfaces showed super-spreading behaviors with liquid contact angles of near 0� for water and various

kinds of organic liquids. Detailed analysis of the spreading factors for various liquids revealed that the

spreading speed is inversed correlated to surface tension and liquid polarity. Further observation of the

three-phase contact line revealed a micro-scale capillary film on Mo-Na AAO surfaces indicating the

spreading coefficient is positive owing to the existence of horizontal capillary forces, which results in the

super-spreading behaviors. Besides, the superamphiphilic property of Mo-Na AAO surface can last for

more than one month, which demonstrates the long-term stability. Based on the super-spreading

behaviors induced by strong capillary forces of three-dimensional interconnected nano-channels, effective

evaporation and heat dissipation behaviors were demonstrated on these superamphiphilic Mo-Na AAO

surfaces. This work provides a facile method to prepare hierarchical ordered superamphiphilic Mo-Na

AAO surfaces which offers an intriguing template platform for replica of functional materials, generation

of composite devices, construction of sensors, and so on.
RESULTS AND DISCUSSION

Mo-Na AAO surfaces

AAO surfaces with porous-ordered (PO) structures and Mo-Na hierarchically ordered structures can be ob-

tained by a facile one-step anodization method with controllable temperature change at constant anodiza-

tion currents based on high purity Al plates, as shown in Figure 1A. Contact angle measurements revealed

that the Al plate with a native oxide layer is amphiphilic (23.3 G 3.4� for water and 42.6 G 3.9� for diiodo-
methane). Traditionally, hexagonal long-range ordered AAO structures can be obtained at a constant tem-

perature with agitation, as shown in Figure 1B. However, the temperature of electrolyte would increase

dramatically without agitation owing to the heat production during anodization. In this study, the electro-

lyte was cooled down to around 0�C under agitation before the anodization process. Then the anodization

process was carried out without agitation at different constant anodization currents (detailed surface struc-

tures are shown in Figure S1). In this case, the temperature of the electrolyte would rise along with the

anodization process, which resulted in various AAO structures. At a low anodization current, the temper-

ature change of the electrolyte is within 20�C, which resulted in the growth of porous tubular AAO struc-

tures. The PO AAO with tubular structures shows a diameter of 237.2 G 44.7 nm and amphiphilic property

with water and diiodomethane contact angles of 37.5G 3.7� and 60.8G 1.8�, respectively. In contrast, with

the continuous increase of the anodization current, Mo-Na AAO surfaces (pore diameter in bulk 177.1 G

30.6 nm and pore diameter at surface 0.89 G 0.28 mm) gradually formed. It is intriguing to notice that

nano-channels were etched to nano-fibers at the surface, which further self-organized into micro-holes.

Meanwhile, nano-channels in the bulk formed centrally convergent micro-branches with three-dimensional

interconnected structures (Figure 1C). It is worth noting that the temperature change of electrolyte during

this process is within 80�C, indicating the violent growth and etching processes of AAO layers. Further mea-

surements revealed that both water and diiodomethane droplets spread completely with contact angles of

0 G 0.1�, indicating the Mo-Na AAO surface is superamphiphilic. Besides, taking advantage of the super-
2 iScience 24, 102334, April 23, 2021



Figure 1. Schematic diagram of aluminum (Al) plate, porous-ordered (PO) and micro-organized nano-channel (Mo-Na) AAO surfaces, as well as the

demonstration of heat dissipation process.

(A–C) (A) Amphiphilic Al plates can be anodized to amphiphilic PO AAO surfaces and superamphiphilic Mo-Na AAO surfaces. Scanning electronic

microscopy images revealed the tubular structures of PO AAO surfaces (B) and three-dimensional interconnected nano-channels of Mo-Na AAO surfaces

(C). (scale bar is 5 mm).

(D) Schematic drawing demonstrates the effective heat dissipation process onMo-Na AAO surfaces, taking advantage of the evaporation effect owing to the

super-spreading behaviors.
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spreading behaviors on superamphiphilic Mo-Na AAO surfaces, effective evaporation and heat dissipation

can be achieved, as shown in Figure 1D. The heat dissipation process can be divided into two typical pro-

cesses. One is the super-spreading process, in this case liquid with high temperature can dissipate the heat

within a short time, which can be applied in collection and heat dissipation of steam in power stations. The

other is the evaporation process resulting from the large super-spreading areas, which can be applied in

cooling of substrates for computers and air conditions.
Study of the static and dynamic wettability on Mo-Na AAO surfaces

The static wettability was studied concerning the anodization process and long-term stability. It is known

that there are several factors which affect the structure of AAO surfaces during the anodization process,

such as electrolyte type, anodization current, anodization time, anodization temperature, electrolyte con-

centration, etc. (Masuda and Fukuda, 1995) In this study, phosphoric acid is used as the electrolyte to

achieve fast anodization at high voltage (Lee et al., 2006). To reveal the critical threshold for constructing

superamphiphilic Mo-Na AAO surfaces, contact angles of these surfaces with the variation of anodization

current and time were studied. As shown in Figure 2A, contact angles of water and diiodomethane

decrease with the increase of the anodization current. Interfacial structure observation by scanning elec-

tronic microscopy revealed that PO AAO surfaces formed at a constant anodization current lower than

1.5 A. In this stage, the temperature change of the electrolyte is within 20�C and straight tubular nano-chan-

nel structures are formed in the AAO layer. When the anodization current is higher than 1.5 A, these sur-

faces become superamphiphilic with contact angles of both water and diiodomethane reaching 0�. Since
the resistance of Al substrate is relatively low in this system, the total resistance measured during the anod-

ization process can be attributed to the growth of non-conducting AAO layers. With the increase of current,

the balanced resistance gradually decreases, which means the increase of the anodization current can

reduce the thickness of AAO layers (Figure S2A). Besides the anodization current, the influence of anodiza-

tion time was also studied with a constant anodization current of 2.0 A. As shown in Figure 2B, contact an-

gles of both water and diiodomethane decrease sharply with the increase of anodization time, and even-

tually both drop to 0 G 0.1� when the anodization time exceeds 280 s. By recording the resistance-time

curve during the anodization process, it was found that the balanced resistance drops to the lowest point
iScience 24, 102334, April 23, 2021 3



Figure 2. Analysis of the static and dynamic wettability with various liquids on Mo-Na AAO surfaces

(A) Static contact angle measurements reveal that the superamphiphilic Mo-Na AAO surfaces can be obtained with the anodization current higher than 1.5 A.

(B) Contact angle measurements indicated the anodization time needs to exceed 280 s to obtain superamphiphilic AAO surfaces.

(C) Compared with plasma-treated Al plates and PO AAO surfaces, the superamphiphilic Mo-Na AAO surfaces can last for more than one month.

(D and E) Dynamic wetting behaviors were studied by recording the spreading radius over time, and the inset shows the detailed calculation process of

spreading factors.

(F) Spreading factors of various liquids are summarized compared with liquid surface tension and polarity, which shows the spreading speed is in negative

correlation with the surface tension and liquid polarity.
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at the anodization time of around 280 s and then steadily increased, which means the increase of anodiza-

tion time increases the balanced thickness of AAO layers (Figure S2B). Herein, it is found that the superam-

phiphilic AAO surface is strongly related to the anodization current and time, which affect the etching

speed and the growing rate of AAO layers, respectively. It is inferred that the low resistance may result

from the increased etching process induced by the high temperature of electrolyte at high anodization cur-

rents. In this case, hairy AAO fibers formed and further self-organized into micro-holes at the surface. Be-

sides, the tubular nano-channels formed connected nano-channels and centrally converged to branched

structures in the bulk. When these three-dimensional interconnected nano-channels are formed, the sur-

face shows superamphiphilic property with contact angles of both water and diiodomethane approaching

0�. Compared with the anodization current and time, the concentration of electrolyte showed little effect

on the wettability at a constant anodization current of 2.0 A. The long-term stability of AAO surfaces with

extreme wettability on different structures were further studied concerning the superhydrophilic property

in air, as shown in Figure 2C. Plasma-treated Al plate, PO AAO and Mo-Na AAO surfaces were prepared,

water contact angles for all these surfaces were near 0� measured immediately after the treatment. Al plate

and PO AAO surfaces lost the superhydrophilic properties in air within one day. And water contact angles

continued increasing to 90.9G 2.4� and 64.7G 6.8� for Al plate and PO AAO, respectively. In contrast, wa-

ter contact angles remained near 0� after more than one month on Mo-Na AAO surfaces, indicating the

long-term stability of this surface.

Besides the static wettability of various AAO surfaces, the dynamic wettability of liquids with various surface

energies was also investigated on Mo-Na AAO surfaces. By recording the droplet radius during the

spreading process, the water and diiodomethane droplets held fast-spreading processes within 2 s and

then spread gradually as shown in Figures 2D and 2E. Generally, the spreading process is affected by

the balanced forces at the three-phase contact line, including interfacial tension, viscous dissipation, grav-

ity and so forth, which can be further analyzed based on the spreading factor. The spreading factor can be

calculated by fitting the time evolution curve of the liquid spreading radius (defined as the dynamic radius

of capillary film) recorded by a high-speed camera, and can be analyzed as shown below:
4 iScience 24, 102334, April 23, 2021
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where R is the droplet radius, t is time, A is a front factor depending on the surface tension g, and the liquid

viscosity m. This power-law scaling only applies to fully wetting fluid with zero contact angle. If the

spreading factor n is 1/10, the droplet is spreading on a preexisted precursor films (Liao et al., 2013). While

when the fluid spreading into a porous medium, the spreading factor is 1/2 following the standard Lucas-

Washburn scaling. In our study, we found the spreading factors of five liquids are between 0.14 and 0.23,

which are higher than the power law (1/10) and smaller than the standard Lucas-Washburn scaling (1/2). As

shown in Figure 2F, with the increase of the liquid surface tension, namely hexadecane (Figure S3), 1,2-

dichloroethane, diiodomethane, formamide and water, the corresponding spreading factors decreased

gradually. Further surface energy calculation reveals that the decrease of spreading factors is also

inversed correlated to the liquid polarity (Table S1). Fourier transform infrared measurements indicate

that there are plenty of polar hydroxyl groups on the AAO surface that can hold a strong interaction

with the polar liquids (Figure S4). In this case, the viscous dissipation during the liquid spreading process

will increase owing to the polar-polar interaction, and in turn, the corresponding spreading factors

decreased.
Characterization of three-phase contact line on AAO surfaces

Macroscopic wettability in air is mainly attributed to the state of the three-phase contact line determined by the

balanced forces of solid, liquid and air (Huhtamäki et al., 2018; Snoeijer and Andreotti, 2013). A recent study of

Sarracenia trichome demonstrated that micro-structures play a critical role in the liquid spreading process (Chen

et al., 2018). It was found that the ultrafast water transport process resulted from the hierarchical micro-channels

of the trichome, which can be further explained by a two-step transport mechanism. In our study, the ordered

micro-structures are observed after the disordered growth of AAO layers during the anodization process, which

are self-assembled micro-holes formed by nano-fibers at the surface and centrally convergent micro-branched

nano-channels in the bulk. To further reveal the effect of micro-scale surface structures, the state of the three-

phase contact line for water droplets on Al plate andAAO surfaces with PO andMo-Na structures were studied.

Detailed observation by laser confocal microscope revealed various states of the three-phase contact line, as

shown in Figure 3A. Since water droplets hold a certain shape on Al plate, the three-phase contact line of water

droplets pinned in air. Generally, liquids pinned at solid surfaces can be explained by the balanced forces at

three-phase contact line of solid/air, liquid/air and liquid/solid, as indicated by the black dot and capillary force

(Fcapillary = 0) is not involved (Figure 3B). However, when surface structures are introduced, the forces act at three-

phase contact linewould change owing to the additional capillary effects. Owing to the tubular structures on PO

AAO surfaces, an additional capillary effect is applied on the three-phase contact line of water droplets (Fcapillary
> 0). Since these AAO tubes are vertically downward which results in an additional vertical capillary force (FV > 0)

and horizontal capillary force (FH) is negligible, the three-phase contact line of water droplets pins in air (Fig-

ure 3C). In this case, the additional Fcapillary has little effect on the horizontal spreading process as the schematic

diagram shown in Figure 3D. In contrast, water droplets onMo-Na AAO surface continue spreading with a milli-

meter-scale capillary film (Figure 3E). It is worth noting that the edge of thin capillary films of water droplets

showed finger-spreading behaviors indicating strong capillary forces generated by the self-organized nano-fi-

bers at the surface and the three-dimensional interconnected nano-channels in the bulk. As shown in Figure 3F,

since the interconnected nano-channels in Mo-Na AAO surfaces are not perpendicular to the surface, the addi-

tional Fcapillary would show both horizontal and vertical components (FH > 0, FV > 0), which results in the contin-

uous spreading of water droplets.
Effective heat dissipation on Mo-Na AAO surfaces

Nowadays, Al is a widely used material in heat dissipative devices owing to its high thermal conductivity.

Through increasing the contact area between cooling agent and Al substrate, the heat exchange rate in

air condition, supercomputer, power station and so forth can be significantly enhanced. By introducing

superamphiphilic Mo-Na AAO surfaces with fast liquid spreading behaviors, it is expected that the effective

heat dissipative property can be achieved. Effective evaporation is a prerequisite for effective heat dissipa-

tion. As shown in Figure 4A, owing to the super-spreading induced fast evaporation process, water droplet

holds an evaporation rate of 1.44 mg/min, which is around 3 times higher than the evaporation rate on Al

plate and PO AAO surfaces with 0.53 mg/min and 0.47 mg/min, respectively. Taking advantage of the

infrared thermal camera, heat dissipative process is studied by recording the temperature versus time curve

for a single water droplet of around 41�C placed on Al plate and AAO surfaces with PO and Mo-Na struc-

tures (Figure 4B). Detailed analysis of temperature change is shown in Figure 4C. As a result of the poor
iScience 24, 102334, April 23, 2021 5



Figure 3. Characterization of three-phase contact line on AAO surfaces with three typical structures

(A) Optical images of the spreading edge for water droplets on Al plates. (scale bar is 1 mm).

(B) Schematic diagram indicates the pinning of the three-phase contact line results from the balanced forces at the three-

phase contact line.

(C) Optical images of the spreading edge for water droplets on PO AAO surfaces.

(D) Schematic diagram shows the vertical capillary forces (FV) assist the pinning of the three-phase contact line.

(E) The three-phase contact line continues spreading on Mo-Na AAO surfaces with a millimeter-scale capillary film.

(F) Detailed schematic diagram of the three-phase contact line on Mo-Na AAO surfaces showing the horizontal capillary

forces (FH) that assist the continuous spreading process.
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surface wettability of Al plate and PO AAO surfaces, water droplets deposited on these surfaces held

restricted heat exchange areas between liquid and the solid substrate at the surface. In turn, the tempera-

ture of water droplets decreased slowly. In contrast, water droplets spread completely on Mo-Na AAO sur-

faces with large solid-liquid contact areas. In turn, the temperature of water droplets drops to near room

temperature (around 10�C) within a short time. Detailed analysis revealed that this phenomenon is not

only significantly effective for heat dissipation at the initial stage but also for a relatively long period. At

the initial stage within 1 s, the heat dissipative rate of water droplets on Mo-Na AAO surfaces is around

29.35�C/s, while the heat dissipative rates of water droplets on Al plate and PO AAO surfaces are

13.34�C/s and 19.69�C/s, respectively. Hence heat can be transferred to the superamphiphilic Mo-Na

AAO surfaces more effectively within a short time. On the other hand, taking advantage of liquid evapora-

tion, the temperature of AAO surfaces with water droplets or water film can both decrease below the room

temperature over a relatively long period (around 300 s). In this experiment, the temperature ofMo-Na AAO

surface for a relatively long period (7.93�C) is around 6.7�C lower than that of Al plate (1.23�C). Hence, it can
be seen the heat dissipative efficiency of Mo-Na AAO surfaces is relatively high both at the initial stage and

for a relatively long period than Al plate and PO AAO surfaces.
Conclusion

In summary, superamphiphilic Mo-Na AAO surfaces with long-term stability are reported by a facile one-

step anodization method with controllable temperature change. Contact angle measurements combined

with resistance curves revealed that the superamphiphilic Mo-Na AAO surfaces formed owing to the bal-

ance of growth and etching process in anodization. The superamphiphilic Mo-Na AAO surfaces show

long-term stability which can last for more than one month. Further calculation of the spreading factors

based on liquids with different surface tension indicates that the liquid spreading speed is inversed corre-

lated to the total surface tension and liquid polarity. Detailed observation of the spreading edge of water

droplets reveals that the three-phase contact line continues moving with a millimeter-scale capillary film

on superamphiphilic Mo-Na AAO surfaces, which can be attributed to the horizontal capillary forces

induced by hierarchical interconnected nano-channels. Taking advantage of the super-spreading prop-

erty resulted from the interconnected nano-channels of Mo-Na AAO structure, heat dissipation based

on effective evaporation is demonstrated, which can be used in desalination and heat dissipative devices.

Besides, the superamphiphilic Mo-Na AAO surfaces with ordered structures both in micro- and nano-scale
6 iScience 24, 102334, April 23, 2021



Figure 4. Evaporation and heat dissipation behaviors on three typical surfaces

(A) Evaporation process is evaluated by measuring the weight change of water droplets, indicating the evaporation rate

on Mo-Na AAO surfaces is around 3 times higher compared with Al plates and PO AAO surfaces.

(B) The infrared thermal camera reveals the heat dissipation process of a single water droplet with the initial temperature

around 41�C on three typical surfaces.

(C) Detailed change of surface temperature reveals that the heat dissipation efficiency on Mo-Na AAO is higher than Al

plates and PO AAO surfaces both at the initial stage and for a relatively long period.
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may find other applications in AAO-based templates, sensors, organic-inorganic hybrid devices, and so

forth.

Limitations of the study

The size of self-assembledmicro-holes at the surface and the interconnected nano-channels in the bulk are

significant factors for the liquid spreading process. In this work, we discovered the facile single-step

method with controllable temperature change to generate these two structures at the same time, however,

the micro- and nano-pores are not well adjusted, which is the main limitation of current work.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Ye Tian, (tianyely@iccas.ac.cn.)

Materials availability

This study did not generate any new unique reagent.
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Data and code availability

All data used in the study are included in this publication. The present research did not use any new codes.

METHODS

All methods can be found in the accompanying transparent methods supplemental file.
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Transparent Methods 

Materials: Aluminum plate and graphite were purchased from Beijing Zhongnuoxincai Co., 

Ltd. Deionized water was prepared by a Milli-Q system (Millipore, USA) and used for these 

experiments. Phosphorus acid and sodium hydroxide were purchased from Sigma-Aldrich. 

Acetone, ethanol, formamide and hexadecane were purchased from Beijing Chemical Reagents 

Co., Ltd. Diiodomethane and 1,2-dichloroethane were purchased from J&K Beijing Co., Ltd. All 

chemicals are analytical grade and used as received.  

Preparation of AAO surfaces: Aluminum plate with purity of 99.999% and surface roughness 

of 0.104 μm was cut into rectangular pieces of 2.5 × 4.0 cm2 which are the same size of the counter 

electrode of graphite. Then, these rectangular pieces were ultrasonic treated in acetone, ethanol, 

and deionized water for 10 min, respectively. Before the anodization process, the clean aluminum 

plates were immersed in 1.0 M NaOH for 60 s to remove the native oxide layer. The electrolyte of 

phosphorus acid is 0.5 M and cooled down to around 0℃ under stirring at 360 rpm. Then the 

rectangular piece of aluminum was connected to anode and the graphite was connected to cathode 

with a distance of around 2 cm. The anodization process was carried out in a constant current mode 

by a DC power supply (IT6724H, China) without stirring, and the temperature increased during 

the anodization process. Caution: The fabrication process needs to be carried out in a fume hood, 

because a lot of hydrogen will be produced during the reaction.  

Instrumentation and Characterization: The top-surface and cross-section morphologies of 

AAO surfaces were observed with a scanning electron microscopy (Hitachi S-4800, Japan) 

operated at 10 kV. The static contact angle measurements in air were performed using an OCA25 

apparatus (DataPhysics OCA25, Germany) at room temperature with liquid volume of around 2 

µl. The observation of three-phase contact line was performed by laser confocal microscope 



 2 

(Olympus OLS-4500, Japan) with liquid volume of around 2 µl. The dynamic wetting behaviors 

were investigated by a high-speed camera (Olympus i-SPEED 3, Japan) with liquid volume of 1 

μl on the AAO surfaces. The weight lose was measured by analytical balance (MS20-DU, Mettler 

Toledo) with 30 μl water on AAO surfaces with different structures. The heat dissipation process 

was recorded by an infrared thermal camera (FLIR A615, USA) with a water droplet of 10 μl in 

ambient conditions (10 ℃, humidity 17%RH). 
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Supplemental Figures 

 

Figure S1. Interfacial structures of AAO surfaces at different anodization current. The 

etching process is enhanced gradually with the increase of the anodization current, and it is 

intriguing to find that the disordered nano-fibers can self-organized into micro-holes at the surface 

when the anodization current reaches 2.0 A. Related to Figure 1. 
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Figure S2. Resistance versus time curve at various anodization current and anodization time. 

(a) Variation of resistance along time change at different anodization current indicating the 

increasing of anodization current will reduce the thickness of aluminum oxide layer. (b) Resistance 

versus time curve at a constant current of 2.0 A indicating the increasing of anodization time will 

increase the thickness of aluminum oxide layer. Related to Figure 2. 
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Figure S3. The contact angle changes of hexadecane over time on SAPL Mo-Na AAO 

surfaces. (a-f) Contact angle images of each state captured at the interval of 1 s. Related to Figure 

2. 
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Figure S4. Fourier transform infrared measurements of Mo-Na AAO surface in air. Fourier 

transform infrared measurements indicate that there are mainly polar groups of hydroxyl, metal-

oxygen groups and nonpolar groups of hydrocarbons on the surface. Related to Figure 2. 
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Liquid Total surface 

energy/mJ m-2 

Polar surface 

energy/mJ m-2 

Dispersive surface 

energy/mJ m-2 

water 72.8 51 21.8 

formamide 58 19 39 

diiodomethane 50.8 1.8 49 

1,2-dichloroethane 33.3 2.5 30.8 

hexadecane 27.5 0 27.5 

 

Supplementary Table 1. Total surface tension, polar and dispersive components of various 

liquids. Related to Figure 2. 
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