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The aim of this study is to describe the behavior and the thickness of a three-phase system contact line on nanoporous 

alumina surfaces based on wetting hysteresis measurements. The nanoporous alumina templates were fabricated by 

anodization of aluminum foil in an oxalic or sulfuric acid solution. The oxide film consists of a well-ordered hexagonal 

array of pores with uniform diameter. The morphology was controlled by varying the pore diameter, depth and 

spacing. The wetting behavior of the nanoporous alumina templates was investigated using advancing and receding 

contact angle measurements carried out by varying the volume of the water droplets used. The surfaces showed a 

large hysteresis, with a receding contact angle always equal to zero making them strongly adhesive despite their 

hydrophobicity. Comparing linear and areal models indicates that the contact line thickness is negligible compared 

with the size of the nanopores. Contact line pinning highlights the role of the surface shape around the pores in the 

marked adhesive behavior of our templates.

1.	 Introduction
Nanoporous alumina templates consist of well-ordered arrays 
of pores, where the pore diameter, depth and spacing distance 
can be accurately varied. Such templates are an ideal system 
for measuring and modeling the effect of surface roughness on 
the wettability of nanostructured materials, leading to a more 
fundamental understanding of their wetting properties. In this 
study, the authors use a cost-effective process to fabricate alumina 
templates that allow us to tailor their wettability. The template 
morphology was characterized using scanning electron microscopy. 
The wetting behavior was studied by measuring the advancing and 
receding contact angles of water droplets. The method used was 
changing the drop volume with a computer-monitored syringe. 
The equilibrium contact angles for different liquids on nanoporous 
alumina templates have already been studied.1

The contact angle hysteresis can prevent a liquid drop from rolling 
off a tilted support. The concept of adhesion is derived from the 
hysteresis because contact angle hysteresis is directly related to the 
driving force of a liquid drop.2 Hysteresis is also an obstacle in the 
measurement of equilibrium contact angles and has been reported 
for a long time. The Gibbs energy curves have been used to show 
metastable configurations that exist for real, inhomogenous and/or 
rough solid surfaces. Hysteresis has been studied experimentally 
for the last few decades. For example, Johnson and Dettre studied 
the evolution of hysteresis with increasing surface roughness.3 Choi 
et al. focused on the wetting hysteresis of anisotropic microtextured 
surfaces,4 pointing out that advancing and receding contact angles 
are ruled by a differential structure parameter that reflects the 
contact line’s strong influence in advancing and receding processes. 
Nanoscale topography is likely to challenge these rules. Very few 
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studies dealing with the wettability of nanotextured surfaces have been 
carried out.5,6 Different wettability behaviors have been reported on 
nanostructured surfaces with different patterns, degree of regularity, 
materials used and their physical and chemical post-treatments.7–11 
Nanostructured materials and their associated hysteresis remain a 
good way to investigate, and ultimately to control, what happens at 
the nanoscale, especially at the three-phase contact line. The physics 
governing the behavior of this line is important for understanding the 
surface wetting mechanisms in general.

In this study, the authors describe the behavior and the thickness 
of the three-phase contact line on various nanoporous alumina 
surfaces. Wetting hysteresis is a good experimental base for a 
theoretical study, because it is affected by what happens at the 
level of the contact line. The nanoporous alumina templates were 
fabricated by anodization of aluminum foil either in an oxalic or in 
a sulfuric acid solution. Scanning electron microscopy was used to 
characterize the morphology of the surfaces. The wetting behavior 
of the nanoporous alumina templates was investigated using 
advancing and receding contact angle measurements carried out by 
increasing and decreasing the volume of water droplets.

2.	 Experimental section
2.1	 Fabrication of nanoporous alumina templates
The nanoporous alumina templates were fabricated using a 
two-step anodization process on a pure (99·999%) aluminum foil, 
as described in detail elsewhere.12,13 The two electrolytes used were 
0·3-M oxalic and 0·3-M sulfuric acid solutions. First, the 0·25-mm 
thick aluminum foil was anodized in the acid solution at 3°C and at a 
potential E

0
 that depends on the electrolyte used. The duration of this 

step was at least 17 h resulting in the growth of a thick porous oxide 
layer. The resulting nanoporous alumina film was then chemically 
stripped from the aluminum foil, and a secondary anodization was 
performed with the same solution, at the same temperature and 
voltage as in the first step. The duration of the second step is critical 
because it sets the thickness, H, of the final anodic oxide film (pore 

depth). Using this two-step procedure, good pore ordering was 
obtained over micrometer-sized regions. As-grown pore radii can 
be increased by chemical etching, without a noticeable change in 
the film thickness. This pore widening is linear in time with the 
diameters increasing about 6·6 nm per hour. The final pore diameters 
are denoted as d

p
. The center-to-center distance between the pores, 

D, was set by the electrolyte used and voltage applied. Twenty-four 
different nanoporous samples were used. Their characteristics are 
summarized in Table 1. The acronyms OAAO and SAAO refer to 
oxalic and sulfuric anodic aluminum oxide, respectively.

A flat and smooth alumina surface was also prepared to serve as the 
reference sample. The authors used the same process as for OAAO 
templates, but with only one 30-s anodization. This corresponds to the 
time required to form the initial homogeneous smooth oxide layer. The 
sample produced was poreless with an oxide layer about 10-nm thick.

2.2. Topographic characterization
Characterization of the surface topography of the alumina samples 
was performed using a Zeiss Supra 55 VP scanning electron 
microscope (SEM) with secondary electron and in-lens detector. 
The accelerating voltage and the working distance were 3 kV and 
4 mm, respectively.

2.3	 Contact angle measurements
After the nanoporous samples were fabricated, the samples were 
thoroughly cleaned. Without careful cleaning, the contact angle 
measurements were not repeatable. Our cleaning procedure 
consisted of a 5-min ultrasonic bath in trichloroethylene, acetone, 
methanol and deionized water. Finally, the sample was blown 
dry with dry nitrogen. After this cleaning process, contact angle 
measurements were consistent – repeatable for different places on 
a sample and for different elapsed times.

The contact angle measurements were made using a contact angle 
goniometer with a drop-shape analysis system (Easy Drop, Kruss, 

Electrolyte E0 (V) D (nm) H (nm) dp (nm) Series

Oxalic acid 25 50 70 80

200 O200

40 100 400 12 OAAO samples O400

800 O800

Sulfuric acid 20 25 30 40

200 S200

25 65 400 12 SAAO samples S400

800 S800

OAAO, oxalic anodic aluminum oxide; SAAO, sulfuric anodic aluminum oxide.

Table 1. Experimental parameters used for the nanoporous samples fabrication – morphology indicators of these samples.
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Hamburg, Germany). For these measurements, a 1-μl deionized 
water sessile droplet was placed on a sample, under ambient 
conditions, with a computer-controlled syringe. The measurement 
was monitored with a video capture system. First, the droplet volume 
was increased by adding deionized water at a rate of 10 μl/min. The 
droplet’s evolution was recorded by the camera for about 10–15 s. 
This led to a maximum volume less than 4 μl. Immediately after 
this, the water was withdrawn at the same rate. The measurement 
took less than 1 min, any effect of water evaporation on drop shape 
was excluded. Later, the images, captured during these two steps, 
were analyzed using a droplet profile fitting method to determine 
the advancing and receding contact angles.

3.	 Results and discussions
3.1	 The nanoporous templates
Figure 1(a) shows a top-down SEM image of a typical nanoporous 
alumina template (OAAO; d

p
  =  25 nm). This image indicates 

pore regularity with good hexagonal order. Figure  1(b) shows 
an oblique-angle view from which the template thickness was 
measured (H = 400 nm in this case).

A total of 25 different alumina surfaces were used. The first sample 
is a flat, smooth OAAO surface, while the others are surfaces with 
increasing pore radius obtained using longer pore-widening times. 
Figure 1(c) shows an optical view of three SAAO samples with a 
pore diameter of 30 nm and thickness of 200, 400 and 800 nm. The 
interference colors observed are evidence of the variation of the 
pore depth, H.

3.2	 The contact angles
Figure  2 shows four examples of contact angle measurements 
on top of various surfaces. The advancing contact angles of the 

samples are displayed in Table 2. Irrespective of the series studied 
(Sxxx or Oxxx), the advancing angle increases monotonically 
with the pore diameter, d

p
. The rate of this increase is greater for 

SAAO samples. The main difference between OAAO and SAAO 
samples is the distance between two adjacent pores, D. A second 
observation is that the pore depth does not influence the advancing 
contact angle (i.e. the values in a column are close to each other). 
This can also be observed in Figure  3, in which contact angle 
versus pore diameter is plotted. For each value of d

p
, the points 

of the Sxxx and the Oxxx series are close together. For clarity, the 
series are framed by a dashed rectangle (oval) for the Sxxx (Oxxx) 
series. In addition, there is no tendency for different depths within 
a series to be consistently higher or lower than one another. For 
these reasons, the authors chose to calculate the mean value of the 
advancing contact angle, θA , for each diameter and each substrate 
(Table  2). In the rest of the article, the expression ‘advancing 
contact angle’ and the symbol ‘θ

A
’ will actually refer to the ‘mean 

value of the apparent advancing contact angle’ and to the symbol 
‘ θA ’. Table 2 also presents the advancing contact angle on the flat 
and smooth OAAO surface.

The results of the receding contact angle measurements are not 
displayed. The receding contact angle measured on the smooth 
OAAO sample was found to be (32 3 )° ± ° . All other receding angles 
(on OAAO or SAAO nanoporous samples) are zero. Actually, in 
spite of all the care put into making and refining the measurements, 
the three-phase line never moved backward (never receded). 
Instead, after all the liquid was pumped back from the droplet, a 
thin liquid film could be seen remaining on the samples. This film 
still wet the same area as the original droplet. The contact line was 
pinned. One sample could be easily used again after it was blown 
dry with nitrogen for about 10 s.

3.3	 Theoretical treatment
3.3.1 Advancing contact angles
Instead of directly plotting the advancing contact angle, as performed 
in Figure 3, it is better to plot the cosine of this angle because all 
energy and mechanical relationships are based on cosθ (Cassie, 
Wenzel and Young). As discussed above, the advancing contact angle 
is a quantity that depends on the solid structure under the three-
phase line. Nevertheless, just like a pure mathematical surface is an 
idealized physical concept, and must have a thickness, a line must also 
have a thickness. Choi et al. showed that the classical surface-texture 
parameter is irrelevant in the advancing contact angle description when 
the hypothetical displacement of the contact line is small compared 
with the characteristic pitch of the surface.4 Instead, they recommend 
that a differential parameter is used. Choi et al. worked with surfaces 
textured on the 100-µm scale. Gao and McCarthy14 have challenged 
the validity of the Cassie–Baxter model. This article quickly generated 
a lot of interest.15–19 The overall consensus is a widespread vision that 
reconciles experimental observations and theoretical concepts. The 
main lesson is that one should consider the local values of the surface 
properties more than the average values.15,16,19 However, in the case of 

Figure 1. Top view shows the SEM images of a nanoporous alumina 

template from the O400 series with dp = 25 nm (as-grown pores): 

(a) top view and (b) oblique view. (c) Optical views of the three 

SAAO samples with the same pore diameter (30 nm). The variation 

of the interference colors indicates a difference in the alumina layer 

thickness (200, 400 and 800 nm). SAAO, sulfuric anodic aluminum 

oxide; SEM, scanning electron microscopy.

(a) (b)

(c)

S200

200 nm 200 nm

dp = 30 nm dp = 30 nmdp = 30 nm
S400 S800
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our nanoporous alumina substrates, the characteristic pitch is likely to 
be of the order of magnitude of the three-phase line extension, itself, 
or even lower. The concept of line thickness is more appropriate than 
a small and ‘hypothetical’ displacement of the contact line. That is 
the reason why cosθ

A
 is plotted as a function of Φ

p
, the fraction of 

the pore opening area to the apparent surface area. The surface of a 

pore opening is S dp p=
4

2π
. The hexagonal cell surrounding this pore 

opening has a diagonal D, so its surface is S Dcell =
3
2

2. Fraction Φ
p
 

is then

1.	 Φp
p

cell

p= =
2 3

2S
S

d
D

π 





Φ
p
 has an areal interpretation, as developed above. θ

A
 should vary 

linearly with Φ
p
 and the trendline should pass through the point 

(Φ
p
 = 1, cosθ

A
 = −1), to match the Cassie equation applied to the 

advancing contact angle:

2.
	

cos cosθ θA Cassie p A,0 p, = (1 )− −Φ Φ

The left part of Figure 4 shows a top view of the porous surface, with the 
contact line zone crossing it. On this diagram, the contact line width is 
greater than d

p
 and D, supporting the idea that the surface fraction Φ

p
 is 

relevant. The plot of cosθAversus Φ
p
 is displayed in Figure 5. A linear 

trend is observed (solid lines). However, several issues remain. First, 
the acid used for the fabrication, not only sets the distance D between 

SAAO samples OAAO samples

dp (nm) 20 25 30 40 dp (nm) 25 50 70 80

θA (S200) 96° 100° 106° 119° θA (O200) 102° 113° 125° 138°

θA (S400) 95° 100° 106° 120° θA (O400) 106° 114° 133° 138°

θA (S800) 96° 102° 105° 120° θA (O800) 100° 117° 130° 140°

〈 〉θA 95·5° 101° 105·5° 119·5° 〈 〉θA 103° 115° 129° 139°

±ΔθA/2 ±0·5° ±1° ±0·5° ±0·5° ±ΔθA/2 ±3° ±2° ±4° ±1°

Flat OAAO θA = 90°

OAAO, oxalic anodic aluminum oxide; SAAO, sulfuric anodic aluminum oxide.

Table 2. Advancing contact angles of water on SAAO and OAAO nanoporous surfaces for different pore depth and radius. The table also 

displays the mean values, θA , of the Sxxx and Oxxx series for each dp as well as the observed half deviation, ΔθA/2. The advancing contact 

angle measured on the flat and smooth OAAO sample is also given.

Figure 2. Optical views of the contact angle hysteresis measurement. 

(a) and (b) Advancing and receding contact angles on the flat OAAO 

sample. (c) and (d) Advancing contact angles on two OAAO samples. 

OAAO, oxalic anodic aluminum oxide.

(a) Flat surface

θA = 90°

θA =140°θR = 30°

θA = 120°

Flat surface H = 800 nm – Dp = 80 nm 

H = 200 nm – Dp = 70 nm (c)

(d)(b)
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the pores but also affects the reference advancing contact angle on a 
flat and smooth surface, cosθ

A,0
 (i.e. the two trendlines do not intersect 

the y axis at the same ordinate). Furthermore, in Figure 5, the point of 
the poreless OAAO sample is not on the OAAO trendline, instead it is 
closer to the SAAO trendline. The Cassie model is also plotted. The 
value of cosθ

A,0
 used in this model is not set to the value measured 

on the flat OAAO template, instead it is set to the ordinate of the 
intersection of each trendline with the vertical axis. This prevents the 
Cassie model from being too different from the experimental trends. 
However, even with this stipulation, the trendlines of the two series are 
still far from the Cassie model prediction. The slopes of the lines are 
displayed on the graph. They differ too much to be explained by the 
small uncertainties in the experimental data. In the case of SAAO, the 
slopes differ by 52% (1·0–1·52) although the difference is less in the 
case of OAAO, 20% (0·83–1·0).

This last result indicates that a surface approach of the three-phase 
line advancing criterion is not satisfactory, even with pores as 

small as 20 nm in diameter spaced 65 nm apart (SAAO). Next, the 
authors apply the linear approach to the contact line, which is the 
equivalent of Choi’s differential parameter:

3.
	

cos cosθ ϕ θ ϕA,linear p A,0 p= (1 )− −

where φ
p
 is the ratio of the length of contact with a pore opening 

to a given contact line length (ϕp p∝ Φ ). cosθ
A
 is expected to be 

as low as possible. The situation that fulfils this constraint is when 
the contact line crosses a pore opening through its diameter d

p
. In 

this case, φ
p
 is maximum and takes a value of d

p
/D. Plotting cosθ

A
 

against d
p
/D will indicate whether this linear equation holds. This 

is shown in Figure 6. The right part of Figure 4 depicts a situation 
where the contact line thickness is much lower than d

p
, supporting 

the idea that a line-fraction, φ
p
, is relevant. These results are 

encouraging. Linear trends are still observed for both the SAAO 
and OAAO series. Again, this plot indicates that the wetting of 
the alumina is different for the different anodization electrolytes. 
This should not be surprising because it is known that the acid 
anion of the electrolyte (oxalate and sulfate here) are present in 
the anodized layer.20–22 This difference in the oxide composition 
is probably sufficient to change the surface energy and hence 
contact angles. The fits shown in Figure 6 are encouraging. First, 
the result of the flat OAAO sample is consistent with the rest of 
the nanoporous OAAO samples (the point is on the trendline). 
Second, the trendlines of the two series both pass through the point 
(cosθ

A
 = −1; φ

p
 = 1). This latter result is consistent with the fact that 

the hypothetical width of the contact line is much lower than the 
smallest diameter of the samples used (20 nm).

3.3.2 Receding contact angles
The results obtained for the receding contact angles (they are 
always zero) are not so easy to interpret. If we assume the process 
is reversible (we know it is not but it is a starting point), then the 
pores filled by the liquid during the wetting step can be emptied. 
In these conditions, the direction of the contact line that ensures 
the lowest contact angle is between two parallel rows of pores. So, 
φ

p
 = 0 and θ

R
 should be around θ

R,0
, the smooth alumina receding 

contact angle (32° on oxalic surface). The Young contact angle of 
water on alumina is about 80°. Even though the authors assume 
this value can change with the chemistry of the alumina layer, it 
definitely does not explain these observations.

Another possibility is that the contact line leaves filled pores 
behind when it recedes. The authors showed in a previous work1 
that such nanopores are easily filled by liquids. It is supported 
by the huge Laplace pressure of the liquid inside one pore. The 
difference between the pressure inside and outside is given by 
∆P d= 4 /γ θcos Y p. The pressure inside is, in the most favorable 
scenario (d

p
  =  80  nm), about 6  bar. It reaches 24  bar when 

d
p
  =  80  nm. This situation is not inconsistent with the linear 

Cassie–Baxter model used to describe the advancing contact line. 

Figure 3. Advancing contact angles plotted as a function of the pore 

diameter, dp. For clarity, the points of the Sxxx (Oxxx) series are framed 

for each diameter.

140

110

θ A
(d

eg
re

e)

100

90
0 40 60

dp(nm)
8020

S200
S400
S800

Flat OAAO (poreless)

O200
O400
O800

120

130

Figure 4. Diagrams of the top view of a nanoporous surface crossed 

by a liquid–solid contact line (the droplet edge). Left: case of a wide 

line covering several pore openings. The surface ratio Φp is used in the 

surface model. Right: case of a thin line crossing the pore openings. 

The linear ratio φp is used in the linear model.

The surface model The linear model

Pore
openings

Dry
surface

Dry
surface

Contact
line

Contact
line

Wet 
surface

Wet
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Indeed, this model is definitely expected to apply only to the thin 
contact line zone. After the contact line has been pushed forward, 
a liquid meniscus is created on top of the pore which is quickly 
filled. This means that when the contact line is pulled back, it will 

tend to jump to a near full-tube opening (without a noticeable 
macroscopic displacement because of the small pore spacing), 
so that it is in contact with the water of the pore. The equation 
describing this is

Figure 5. Plot of the experimental advancing contact angles 

measured for SAAO and OAAO nanoporous samples versus the 

fraction of pore opening area at the surface, Φp. The Φp = 0 vertical 

line corresponds to the smooth surface (poreless sample). The solid 

lines are the trendlines of each series of points. The dashed lines 

depict the Cassie model. The slopes are explicitly shown. OAAO, 

oxalic anodic aluminum oxide; SAAO, sulfuric anodic aluminum oxide.

0·0

0·0

0·00

0·2 0·4
Φp

0·6 0·8 1·0

−1·0
−1·52

–0·83
–1·0

−0·4

co
sθ

A

−0·2

SAAO
Exp· Cassie

OAAO

Flat OAAO(poreless)

Slope of the lines:

−0·6

−0·8

−1·0

Figure 6. Plot of the experimental advancing contact angles 

measured with SAAO and OAAO nanoporous samples against the 

maximum value of the linear ratio φp (dp/D). The left vertical axis 

(dp/D = 0) corresponds to the smooth surface of a poreless sample. 

The solid lines are the trendlines for each series. OAAO, oxalic anodic 

aluminum oxide; SAAO, sulfuric anodic aluminum oxide.

0·4

0·2

0·0

−0·2

−0·4

−0·6

−0·8

−1·0
0·0 0·2
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sθ

A

0·4
dp/D

0·6

SAAO
OAAO

Flat OAAO
(poreless)

0·8 1·0
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4.
	

cos cosθ ϕ θ ϕR,linear p R,0 p= (1 )− +

where φ
p
 must be maximized to minimize θ

R
. We already know 

this situation, we need φ
p
  =  d

p
/D. One quickly realizes that the 

only solution where θ
R,linear

 is with d
p
  =  D. This condition is not 

satisfactory because d
p
 < D for all the samples studied here.

This description of the nanoporous system may not be accurate 
enough to fully understand what is going on. The problem lies 
with the real morphology of the nanoporous surface. The surface 
surrounding the pore openings is actually not as flat as we assumed 
up to now. Instead, looking carefully at Figure 1(b) shows that the 
openings are surrounded by shallow trough-shaped depressions, 
that is, the barrier around a trough has a variable height. The height 
at the meeting point of three troughs is maximum. It is minimum 
between two pores (Figure 7). Again, on the basis of the capillarity 
considerations, it is imagined that the water inside a trough 
remains, as it does inside a pore. If the liquid level is higher than 
the lowest barriers, some parts are submerged. Thus, there exist 
lines, characterized by φ

p
 = 1, and Equation 4 now does hold. The 

contact line might be pinned along such pore rows and be able to 
withstand a contact angle equal to zero.

4.	 Conclusions
In this study, the authors fabricated a set of 24 nanoporous anodic 
alumina templates, with different morphologies. The distance 
between the pores, the pore diameter and the pore depth were all 
varied. A flat, smooth anodic surface was used as a reference. The 
wettability of these surfaces was studied through the advancing 
and receding contact angle measurements. The strong hysteresis 
observed for all the nanoporous surfaces studied is a sign of 
strong adhesive properties. The advancing angles increase with 
the pore diameter, irrespective of the distance between the pores, 
but the angles are not significantly affected by the pore depth. 
The comparison of these angles with a surface-approach model 

indicates that the contact line thickness is lower than 20 nm. These 
conclusions were supported by a linear-approach model indicating 
the validity of this model down to a 10-nm scale.

Another observation is that the sulfuric- and oxalic-type aluminas 
have different intrinsic advancing angles. This is probably because 
the anodization electrolyte affects the chemical composition of 
the alumina layer, so the sulfuric- and oxalic-type aluminas have 
different intrinsic advancing angles. Finally, the receding contact 
angle measurements always gave a value of zero for the receding 
contact angle. The assumption of the pore-filling irreversibility, due 
to a large Laplace overpressure, is not sufficient to explain these 
results. Further analysis of this situation prompted us to consider 
the surface’s shape around the pores. Indeed, the authors found that 
shallow trough-shaped depressions surrounding the pore openings 
could remain wet behind the receding contact line. This effect can 
make entire rows remain wet so that the contact line is pinned along 
such lines, leading to near-zero receding contact angles.
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