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Abstract

Hydrophobic properties of thin nanostructured silver films produced by galvanic
exchange reaction on a copper surface were studied after passivation with stearic acid.
The morphology of the silver films was controlled by varying the concentration of silver
nitrate in the solution. Water contact angle as high as 156° and contact angle hysteresis
as low as 5° were achieved for samples obtained with initial silver ion concentration of
24.75 mM in the solution. However, a strong dependence of contact angle and contact
angle hysteresis on the fractal-like morphology of the silver films was observed with the
variation of silver ion concentration.
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1. Introduction

Superhydrophobicity is currently the focus of considerable research because of its
scientific and technological importance [1], [2], [3], [4], [5] and [6]. Many plants and
insects feature surface microstructures covered with waxy tissues which make them

superhydrophobic, i.e. with surface contact angle of water greater than 150° and where



water drops roll off easily even with the slightest inclination. This special behavior is
called the “lotus effect” [7]. As the basic electrostatic interactions at water/solid and
ice/solid interfaces remain the same, superhydrophobic surfaces have potential to be
icephobic, i.e. to reduce adhesion strength at ice/solid or snow/solid interfaces

[8] and [9].

Since the water—solid interactions are limited to the outermost layers of solid surfaces, it
is possible to mimic the lotus effect by altering the chemical and morphological
properties of surfaces [10], [11] and [12]. In view of rendering a surface
superhydrophobic, many strategies have been investigated to control the shapes,
dimensions and regularity of the surface patterns using several methods which include
photolithography [13], sol—gel [14] and [15], plasma etching [16], and chemical etching
[17] and [18].

Electrochemistry has been used extensively for the formation of nanostructured
surfaces, either by applying certain external potential between the electrodes [19], [20],
[21] and [22] or simply by making use of the galvanic ion exchange reaction (without
external potential) between a substrate and ions [23], [24], [25] and [26]. These methods
have also been used to produce superhydrophobic surfaces after passivation with a
monolayer of n-dodecanethiol [17], [25] and [26]. In particular, superhydrophobic
behavior has been reported on a copper substrate with the formation of urchin-like
copper phosphate dehydrate structures prepared by galvanic cell corrosion [25].
Particularly, the galvanic exchange reaction has been used to create superhydrophobic
fractal-like gold nanostructured films on silicon surfaces [26]. Similarly, this method has
been used to create silver nanostructured films on silicon surfaces [27] and the
superhydrophobicity of such films has been reported as well [28].

In this paper, it is reported that superhydrophobicity of nanostructured silver films was
achieved by galvanic exchange reaction on copper surfaces after passivation with
stearic acid (SA) molecules. The properties of these surfaces are discussed through
measuring the contact angle of water and characterizing their surface topography by

scanning electron microscopy.

2. Experimental procedures
One-inch-square copper substrates were ultrasonically cleaned in potassium hydroxide
solution then rinsed in deionized water. The coatings of thin silver films were performed

by immersing the copper substrates in a silver nitrate solution for a range of time. These



samples were passivated with SA dissolved in acetone or hexane (2 mM) for 30 min
then dried in an oven at 80 °C overnight. The stability of SA passivation was investigated
by immersing the passivated samples in water or some organic solvents such as
ethanol, acetone and hexane for 12 h, followed by drying for more than 10 h in the oven.
Smooth silver films were grown on silicon wafer by a thermal evaporation technique with
0.2 nm/sec deposition rate up to a thickness of 40 nm. After drying, the silver-coated
samples were passivated with the method mentioned above. The surface morphology of
the copper samples was studied with a field emission scanning electron microscope
(FESEM, Leo 1525), whereas the silicon samples were observed with an atomic force
microscope (tapping mode, VEECO, llla). The water contact angle measurements were

made with the sessile drop method using a Kriss DSA100 drop shape analyzer.

3. Results and discussion
It is well known that copper can reduce silver ions spontaneously as described by the

following reaction:

Equation (1)
2Ag+ + Cu — 2Ag + Cu2+

Several thin silver films were coated on copper substrates by placing them in a silver
nitrate solution involving this reaction (1). The passivation process is done using SA
dissolved in acetone or hexane. It is known that SA molecules are chemisorbed on silver
as carboxylate with its two oxygen atoms bound symmetrically to the surface [29]. No
difference in water contact angle was detected according to the type of solvent. Fig. 1
depicts the variation of contact angle and hysteresis over a range of coating times for
three values of initial Ag+ concentrations of 13.2, 24.75 and 50 mM. With the 3.2 mM
solution, contact angle increases monotonically from 134° at 0.5 min to 150° at 10 min,
and finally to 151° after 12 h, while hysteresis correspondingly reduces from 29.5° at

1 min to 7.6° at 10 min and then to 6.5° after 12 h. On the other hand with the 50 mM
solution, contact angle reduces from 155° to 147° and hysteresis increases from 5.1° to
10.3° at 0.5 and 10 min, respectively. Using the 24.75 mM solution, the highest contact

angle, 156°, is obtained at 1 min while the least hysteresis, 4.1°, is achieved at 2 min.
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Fig. 1.

Variation of water contact angle and hysteresis with coating time.

Fig. 2 shows the water contact angle and its hysteresis for samples prepared at 1-min
coating time within a range of silver ion concentrations. Increasing the Ag+ concentration
from 13.2 to 396 mM increases contact angle from 137° to its maximum of 156° at

24.75 mM, and then decreases it to 141°. On the other hand, hysteresis reduces from
29.5° to 5° at 24.75 mM, and then increases to 15.5°. At higher concentrations the
surface of coating is quite non-uniform and the errors in the measured contact angle and

hysteresis are much higher.
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Variation of water contact angle (a) and hysteresis (b) with the initial Ag+ concentrations.

Fig. 3(a)—(c) show the SEM images of samples prepared using three different initial Ag+
concentrations of 13.2, 24.75 and 396 mM, respectively. It can be seen that the size and

number of both the fractal-like structures and the voids surrounded by them are



concentration-dependent. Because of the low Ag+ concentration, the reaction is slow
and the film has tiny, almost indistinguishable voids, as shown in Fig. 3(a). After SA
passivation, this sample shows a water contact angle and a contact angle hysteresis of
137° and 29.5°, respectively, as shown in the inset of Fig. 3(a). When the initial Ag+
concentration is increased, the reaction becomes faster and larger fractal-like structures
of silver appear. Consequently, the size of the voids between those structures also
increases. The average diameter of the voids is ~5 ym, as shown in Fig. 3(b). The
contact angle and contact angle hysteresis obtained are 156° and 5°, respectively, as
shown in the inset of Fig. 3(b). By further increasing the concentration of Ag+ ions in the
solution, the size of the voids increases to ~10 uym, as seen in Fig. 3(c) and the contact
angle and hysteresis are 141° and 15.5°, respectively, illustrated in the inset of Fig. 3(c).
Fig. 3(d) depicts a magnified fractal-like structure from Fig. 3(b). Due to their self-
similarity, several nanometric empty spaces exist around the micrometric structures

which are separated by voids.



Fig. 3.
SEM images of samples prepared using three different initial Ag+ concentrations of (a),
13.2 mM, (b) 24.75 mM and (c) 396 mM, respectively; and (d) a magnified section of (b).

In the insets, the states of the droplets are shown.

To fully understand the superhydrophobicity of the surface of the Ag-aggregate-coated
copper samples, the contact angles can be studied as follows: the water contact angle
on rough surfaces is commonly explained with two models, namely Wenzel [30] and

Cassie—Baxter [31] models. In the Wenzel model [30] the contact angle is given by

Equation (2)

cos 0'=r cos



where r is the roughness factor defined as the ratio of the actual area of a rough surface
to the projected area, 0 is the contact angle on the corresponding smooth surface and 6’
is that of the rough surface. Since r is greater than 1 due to roughness, then 8’ < 90° if
0 <90° and 6' > 90° if 8 > 90°. On the other hand, the modified Cassie—Baxter model

[32] and [33] predicts the equilibrium contact angle as

Equation (3)
cos 6'=f(1+cos 6) -

where f is the fraction of solid surface area in contact with the water drop and remaining
area (1-f) is occupied by air for which the contact angle of water is 180°. With this
model, it is possible to obtain 6’ > 90° even if 6 < 90°, provided that f is very small, which
is achievable by means of fractal structures [34], by a bottom-up approach [35] or even
by highly ordered surface by photolithography [13].

A smooth thin film of silver was prepared on silicon (1 0 0) wafer and its morphology was
observed with AFM. From the AFM images, one can see that the Ag layer is flat and
homogenous, as shown in Fig. 4. For the sample of Fig. 4 with 2 um scan length, the
measured RMS roughness is determined to have a maximum value of 1.08 nm. With this
value, it is assumed that the surface is smooth and can be used for evaluating water

contact angle on smooth silver.
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AFM image of the smooth silver surface and its corresponding parameters.

The surface wettability of the smooth silver was studied by contact angle measurements
after passivation with SA in acetone or hexane, and no difference in water contact
angles was detected according to the type of solvent. As shown in Fig. 5, the water
contact angle was about 79 + 1.1°, implying that the passivated surface is slightly
hydrophilic. Although many of the reported superhydrophobic materials are based on the
materials with water contact angle greater than 90° in their smooth form, it is not a
necessary condition and it is possible to produce superhydrophobic surfaces using
slightly hydrophilic materials [35] and [36]. In our experiment, increasing the passivation
period or the concentration of SA by more than 2 mM may lead to the formation of
patches of SA on the surface, detectable by AFM, which increases its roughness. In
such cases, higher water contact angles may be obtained because the film which is not

smooth.

Fig. 5.

Image of a water droplet of about 6 uL on the smooth silver surface of Fig. 4, with water

contact angle of 79°.

The fractions of solid surface, f, of the samples prepared with different Ag+ ion
concentrations were calculated using Eq. (3) with the measured values of 8’ (137°, 156°
and 141°) for the samples shown in Fig. 3(a)—(c), respectively, and considering that 6
has a value of 79° for the stearic acid-passivated smooth surface. The calculated f
values are found to be 0.226, 0.072 and 0.187 for the microstructures presented in Fig.
3(a)—(c), respectively. These values are comparable with the reported solid fraction

values belonging to other disordered microstructures, for example, the results of Tavana



et al. [37] on thermal evaporated polymer (C36H74) surface or Wang et al. [26] on
branch-like structures of gold, resulting from galvanic exchange reaction. In the
experiment of Tavana et al. [37], the samples have suitable roughness for AFM studies,
and the experimentally achieved solid fraction was reported to be ~0.12. Our samples
are highly rough and therefore inappropriate for AFM measurements to determine the f
value experimentally. On the other hand, there exists a consistency between the
achieved contact angles and the calculated f values in the present study on the fractal-
like structures of silver (contact angle: 156° and f value: 0.072) and those on the branch-
like structures of gold (contact angle: 158° and f value: 0.09) by Wang et al. [26]. The
fraction of solid 0.09 has been calculated from the given air fraction of 0.904 in Table 1
by Wang et al. [26] as (1-0.904) = 0.096 ~ 0.09.

Table 1.
Water contact angle (CA) and hysteresis (CAH) of the as-prepared superhydrophobic

surface and the samples treated with water or some organic solvents

Sample CA (®) Variation of CA (°) CAH (°) Variation of CAH (°)
As-prepared 156.3+1.2— 50£1.3-

Treated with water 155.8+1.2-0.5%+2.4 53+1.1+4+0.3+24

Treated with ethanol 156.2 +1.4-0.1+2.6 52+1.4+02+£27

Treated with acetone156.1 +1.7-0.2+2.9 52+1.7+0.2+3.0

Treated with hexane 156.1 +1.7-0.2+2.9 52+1.7+0.2+3.0

In the experiment of Wang et al. [26], the best hydrophobicity was achieved with the
HAuCI4 reagent with concentration equal to 25 mM. Comparing their experiment with
this work, there is not only a qualitative similarity in the morphology of fractal-like
nanostructures, but also a quantitative similarity in initial reagent concentrations

(24.75 mM AgNO3 versus 25 mM HAuCI4). However, the fractal-like nanostructures of
silver have smaller solid fraction (f = 0.072) compared with the branch-like structures of
gold (f = 0.09).

The stability of superhydrophobicity of the SA-passivated fractal-like silver
nanostructured surfaces (24.75 mM, 1 min) was verified by immersing them in water and
different organic solvents, namely ethanol, acetone and hexane, prior to performing the

contact angle measurements. Fig. 6 and Table 1 show the measured values of water



contact angle and hysteresis. The as-prepared SA-passivated surfaces have contact
angle and hysteresis of 156.3 £ 1.2° and 5.0 + 1.3°, respectively. After immersion in
water, these values change to 155.8 £ 1.2° and 5.3 £ 1.1°, respectively, which are very
close to those of the as-prepared surfaces. As a whole, the variations of contact angle
and hysteresis are found to be less than 0.5° and 0.3°, respectively, after treating with
either water or organic solvents of ethanol, acetone and hexane. These results suggest
that SA-passivated fractal-like silver nanostructured surfaces are very stable with
respect to treating with water and organic solvents.
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Fig. 6.

Variation of water contact angle and hysteresis after treating the passivated samples

with water or organic solvents of ethanol, acetone or hexane.

4. Conclusion

In this study, a simple procedure to produce stable superhydrophobic surfaces with
contact angles as high as 156° and contact angle hysteresis as low as 5°, is proposed. It
makes use of the galvanic ion exchange reaction between silver ions with copper on the
surface, and of passivation with stearic acid organic molecules. Microstructures of silver-
coated samples are composed of fractal-like structures, as well as voids surrounded by
fractals. The optimum void size of ~5 ym leads to the maximum contact angle and
minimum contact angle hysteresis. These superhydrophobic nanostructured surfaces

are found to be resistant to water and organic solvents.
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