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Water condensation, a complex and challenging process, is investigated on a metallic (Zn) surface, reg-
ularly used as anticorrosive surface. The Zn surface is coated with hydroxide zinc carbonate by chemical
bath deposition, a very simple, low-cost and easily applicable process. As the deposition time increases,
the surface roughness augments and the contact angle with water can be varied from 75° to 150°,

corresponding to changing the surface properties from hydrophobic to ultrahydrophobic and super-
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remains on order of 55%.

hydrophobic. During the condensation process, the droplet growth laws and surface coverage are found
similar to what is found on smooth surfaces, with a transition from Cassie-Baxter to Wenzel wetting states
at long times. In particular, it is noticeable in view of corrosion effects that the water surface coverage

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Wettability of liquid on solid is extremely important in our daily
life and also in industry and agriculture. One can cite, for instance,
the cases of wetting of water on glass windows, painting on dif-
ferent kinds of surfaces and spreading of pesticide on plants. In
the wetting process, the chemical composition and the geomet-
ric structure of the surface play a key role. Completely wetting
surfaces are frequently used in antifogging windows or bacteria
resistance coating [1] while extremely non-wetting surfaces (i.e.
superhydrophobic surfaces where the contact angle is larger than
150°) are mostly used in self-cleaning surfaces [2], tunable lenses
[3], micro-fluidic systems [4] and non-adhesive coating [5,6]. Since
the last two decades, the wetting phenomena on superhydropho-
bic surface has become a subject of fundamental research in physics
[7-9], chemistry [10], biology [11,12] and materials science [13,14].
In material science, many metallic superhydrophobic surfaces are
mostly used as anticorrosive surfaces. In particular, zinc and zinc
oxide surfaces are particularly interesting because of their special
electrical, optical and switchable wetting properties.

Superhydrophobic surfaces are in principle rough surfaces. A
water drop deposited on such surfaces can rest in a Wenzel state
[15] or a Cassie-Baxter state [16], the selection depending on
the most stable situation. In the Wenzel state, water fills the
microstructure and the apparent contact angle 6* of a deposited

* Corresponding author. Tel.: +34 948425600x6385; fax: +34 948425649.
E-mail address: wens@fisica.unav.es (W. Gonzalez-Vifas).

0169-4332/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2010.03.004

drop is given by
cos 6* =r cos 6. (1)

Here r is the surface roughness defined as the ratio of the actual
surface area to the projected surface area and 6 is the equilibrium
contact angle. In the Cassie-Baxter state, the rough surface is com-
posed of solid and air. A water drop sits partially on the solid surface
and partially on the air trapped in the microstructure. In such a
situation, the apparent contact angle 6* is given by

cos 6* = ¢ps[cos O+ 1] — 1. (2)

The angle 6* depends on the area fraction of the liquid-solid
interface (®s), the liquid-air interface (1 — @;) and 6. For a given
set of r, 0, and @ values, the equilibrium state of the drop will
depend on whether the minimum energy corresponds to a Wenzel
or a Cassie-Baxter type. The critical contact angle of a drop that
determines the wetting situation is given by [17]

Oc = cos (s — 1)/(r — ¢s)]. 3)

When 0 > 0., the most stable state is of Cassie-Baxter type; when
6 <6, the most stable state is of Wenzel type. Furthermore, a transi-
tion from a high energy state to alow energy state is always possible
if the drop gained the required energy to overcome the transition
barrier (e.g. by pushing a deposited drop with a syringe to go from
a Cassie-Baxter type to a Wenzel type).

Numerous correlations between superhydrophobic surface con-
figurations and liquid wetting properties in case of deposited
(projected) drops have been reported in many experimental and
theoretical studies. In contrast, and although this process is of
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Fig. 1. (a) Scanning electron microscope images of zinc surface (24 h deposition) showing micro-flowers-like structure on the surface (size, a~ 12 wm; separation, b ~ 25 pm;
height c~ 10 wm). (b) The micro-flower area inside the circle in (a) at large magnification. It shows nano sheets with average thickness 300 nm. (c) Contact angle measurement

of a 3 wl water drop on the same surface.

major importance for the evaluation of corrosion, the studies of
condensation-induced wetting on superhydrophobic surface and
their corresponding wetting properties (self-cleanliness, different
wetting states), are much less documented [18-29]. The aim of the
present work is thus to study condensation of water on a multi-
scale rough superhydrophobic surface where the contact angle is
varied in a wide range (70-150°).

2. Experimental

In the present study, we use a zinc substrate whose surface
wetting properties can be easily tuned. A plain zinc surface is
hydrophobic and, when coated with hydroxide zinc carbonate
(HZC) by chemical bath deposition, depending on the deposition
time, it can become either ultra hydrophobic or superhydrophobic.
The substrate that we used is a 1 mm thick zinc sheet (99.97%). The
zinc substrate is provided by Goodfellow (U.K). Analytical grade
N-N-dimethylformamide (C3H;NO) (DMF) is supplied by Panreac
Quimica S.A.U. (Spain) and urea (NH,),CO is supplied by Merck
KGaA (Germany). They are used as it is supplied. We follow the
similar method as reported in [30] to modify the contact angle of
the substrate by chemical bath deposition. This process is very sim-
ple, low-cost and easily applicable. In brief, a small piece of zinc
substrate (1.0cm x 1.5 cm) is immersed in a 2 M urea solution pre-
pared with deionized water and N-N-dimethylformamide (DMF)
in 2:1 (v/v) ratio, in sealed bottle and kept at 80°C for 20-24 h.
The substrates were then rinsed for several times with deionized
water and dried by dry nitrogen flow. When the zinc substrate is
immersed in the 2 M urea solution it changes color from dark silver
to gray (off-white) after HZC film deposition. The contact angle is
varied by changing the deposition time. The surface morphology is
studied with a scanning electron microscope (Zeiss DSM 940A).

Fig. 1(a) shows a typical SEM image of the zinc surface for
a 24h deposition. Micro-bump-like structures (low magnifica-
tion) and micro-flower-like structures (large magnification) are
observed. Furthermore, the flower-like structures are made up
of interconnected nano sheets of thickness ranging from 100 to
300nm (Fig. 1(b)). The average micro-flower sizes are estimated
from the scanning electron micrograph: size, a~ 12 wum; sepa-
ration, b~ 25 pm; height c~10 wm. The corresponding average
surface roughness is then r=1+4ac/(a+b)>~1.35 and the area
fraction of the liquid-solid interface, ¢s=a?/(a+b)? ~0.11. Using
these values in Eq. (3), one obtains a critical angle 6.~ 135°,
larger than the equilibrium contact angle as measured on a flat,
non-deposited zinc surface, 6=7542°. This value, taken as the
equilibrium value, is the average of the advancing (0, =82 +2°)
and receding (6, = 68 £+ 2°) contact angle. Although the actual equi-
librium contact angle can take any values between 6, and 6;, one
arbitrarily defined its mean value as 6 =(6, +6;)/2. The uncertainty

is the measurement uncertainty. The contact angle of water on the
substrate is measured by the sessile drop method: a small drop
of 3wl is deposited on the substrate by means of micro-syringe
and visualized using a CCD camera with macro lens. Pushing the
liquid gives 0,, pulling it gives ;. From the above values 6 <6,
and the most stable state is then the Wenzel state. The Wenzel
and Cassie-Baxter apparent contact angle are obtained from Eqs.
(1) and (2) as 65, = 69.5°(65, 4y = 79-2°, By roc = 59-6°)and O =
149.5°(0¢5 ,qy = 151.0°, 0% . = 148.0°). Both values of 63, and 0¢
are in good agreement with 6}, = 70° (as obtained from the sat-
urated surface coverage value &2 ~0.65, see below, Eq. (4)) and
0¢g = 150 & 2°. The latter value has been obtained experimentally
by the sessile drop method on the deposited zinc surface, see Fig. 1c,
with an advancing contact angle 8, =155+ 2° and a receding con-
tract angle 0, =145 £ 2°.

In a condensation experiment a cleaned substrate is fixed on
a thick electrolytic copper plate located inside the condensation
chamber. Air flow is saturated with water vapor by bubbling
into ultra pure water. It is sent to the chamber with a flow rate
kept fixed at 0.6Lmin~! for all experiments. The temperature
difference between the saturated water vapor (at room temper-
ature=(23+0.5)°C and the supersaturated vapor (substrate) is
(8+0.5)°C. Heterogeneous dropwise water nucleation takes place
on the substrate. The growth of drops is observed with a video
camera attached to an optical microscope and recorded on a video
recorder. Video images are lately digitized and analyzed by Image
Tool software.

3. Results and discussion

During condensation, we observed in general the following
growth stages.

Initial stage. At the beginning, typically t<3 min, very small
drops nucleate on the rough surface. The atomic composition and
hydrophilicity of HZC film contributes to the final surface wettabil-
ity and hence facilitates the nucleation of the drops [30]. The drop
surface coverage &2 (ratio of area covered by the drops to the total
surface area) is low and only a very few number of drop coalescence
takes place. Then the drops grow mainly by direct vapor conden-
sation, the drop volume increases as time t and the drop radius (R)
grows as (R) ~ t13,

Intermediate stage. Typically 3 <t <8 min (Fig. 2(a-d)). The drops
condensed on the micro-flower-like surface give an impression of
being brighter. This is due to their high surface curvature, corre-
sponding to a large apparent contact angle that shows that they
are in a Cassie-Baxter state. The surface coverage increases sig-
nificantly. These drops, if they do not coalesce, remain in the
Cassie-Baxter state. In contrast, drops condensing in the vicinity
of flowers appear as dark or black, corresponding to a low apparent
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Fig. 2. A typical sequential optical micrograph of condensed water drops on super-
hydrophobic surface with contact angle 150 + 2°.
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Fig. 3. (a) Three different types of drops Wenzel, Cassie-Baxter, and mixed
Cassie-Baxter-Wenzel observed during condensation. (b) Illustration showing the
transition of Cassie-Baxter (CB) and Cassie-Baxter -Wenzel (CBW) state to Wenzel
(W) state.

contact angle. These drops grow and coalesce as Wenzel type drops.
An intermediate mixed Wenzel, Cassie-Baxter case is observed. It
corresponds to a drop that is dark on one side and bright on the
other side (Fig. 3(a)).

At this stage, three types of drops viz. Wenzel, Cassie-Baxter and
mixed, Cassie-Baxter-Wenzel drops (Fig. 3(a)) are then observed.
The coalescence of any two types of drop (Cassie-Baxter, Cassie-
Baxter-Wenzel, and Wenzel) always results into the expected most
stable Wenzel drop (Fig. 3(b)).

The energy gained by drops during coalescence is thus sufficient
for inducing the transition from Cassie-Baxter or Cassie-Baxter-
Wenzel to the stable Wenzel state. All three types of drops are
clearly distinguished when the microscope is precisely focused on
one specific drop type. Note that, recently, Boreyko and Chen [29]
reported a spontaneous drop removal as a result of surface energy
released due to the drop coalescence during condensation. In con-
trast to our study, those coalescing water drops have large contact
angle ~170° (as can be estimated from their movie and [22]), hence
the pinning forces on the surface of the drop contact line are quite
small, making possible spontaneous drop removal. In addition, the
critical angle is 6. (~94°)<6 (~101°) [22], which means that the
Cassie-Baxter state is the most favorable state. In contrast, in our
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Fig. 4. Evolution of the average drop radius (R) on log-log scale for various Cassie-
Baxter contact angles (6*) on zinc surface corresponding to different deposition
times. The straight lines are t'/ and t'. The inset shows the evolution of the surface
coverage (&2).

case, the critical angle is 6. (~135°)>6 (~75°) making the Wenzel
state the most favorable state.

Late stage. 11 <t <16 min. Due to drop coalescences and the pin-
ning of the contact line, many non-circular drops are observed on
most of the surface. In this stage, due to significant numbers of coa-
lescences events of large drops, the growth law exponent of the
mean drop radius (R) becomes unity (Fig. 4), which is in agreement
with a growth law as (R)~t!/(Pa=Ds) [32,33]. Here D, =3 is the drop
dimensionality and Dg=2 is the surface dimensionality. Boreyko
and Chen [29] in the experiment noted above reported a somewhat
different growth law exponent 0.74 and 0.82 on hydrophobic and
superhydrophobic surfaces, respectively. They consider that these
low values are due to experiments performed over a too small time
interval. (They also explain the growth exponents lower than the
expected value 1/3 in the initial stage [18-20,31,32]) by the initial
transient cooling of the cold plate).

The coalescence of Cassie-Baxter and Cassie-Baxter-Wenzel
drops with Wenzel drops results into the most stable Wenzel
drops. At this stage, the surface coverage saturates around a
value that depends on the apparent contact angle according to
[33]

0
~ 500" (4)

The surface coverage saturates between 0.62 and 0.65 (Fig. 4
inset). From the saturation surface coverage one can then
deduce the mean apparent contact angle 6%, expected Wenzel.
It is found in the range 70-76°, in good agreement with the
expected value from Eq. (1), 6}, ~ 70°. Contact line pinning also
increases the contact angle hysteresis and results into non-circular
drops.

Fig. 4 shows the evolution of (R) in log-log scales for different
contact angles. The different values of contact angles are for dif-
ferent surface wetting properties (i.e. different deposition time).
Here (R) is the average of the drop radii. For non-circular drops,
the larger drop size was considered. As noted just above, drops are
indeed very often non-circular. Due to the surface roughness, there
is a strong pinning of the contact line in preferred directions and
the capillary force is not strong enough to overcome the pinning

2
e, =1

force. Hence, the coalesced drops are not capable to relax towards
its circular equilibrium shape. One notices in Fig. 4 that the aver-
age drop radius evolution follows (R) ~ t!/3 in the initial stage and
(R)~t! in the late stage, in agreement with the growth of water
drops on smooth planar surfaces [32].

4. Concluding remarks

The study of the condensation process on Zn-modified surfaces
by chemical bath deposition technique - a very simple and power-
ful method to modify the surface roughness and wettability, from
hydrophobic to superhydrophobic - shows that, on such surfaces,
water condensation, although a complex and challenging process,
is similar to smooth planar surfaces. As the nucleation events occur
at a much smaller length scale than the surface texture scales, the
surface chemistry dominates the texture effects during condensa-
tion and therefore leads to similar results as on a smooth surface.
In particular, it is noticeable in view of corrosion effects that the
water surface coverage remains on order of 55%.
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